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CHAPTER ONE 
 
 
General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parts of this chapter are published in J. Snel, H.J.M. Harmsen, P. W. J. J. van der 
Wielen and B. A. Williams. 2002. Dietary strategies to influence the microflora of 
young animals, and its potential effect to improve intestinal health. In: M. C. Blok, H. 
A. Vahl, L. de Lange, A. E. van de Braak, G. Hemke and M. Hessing (eds) Nutrition 
and Health of the Gastrointestinal Tract, Wageningen Press, The Netherlands, in 
press.     
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General introduction 
 
The gastrointestinal microflora of adult chickens comprises several hundred 
species and can contain up to 1012 bacteria per gram gut content (10, 13, 81). The 
microflora consists of indigenous bacteria that permanently colonise the intestinal tract 
and transient bacteria that can only be found temporarily. It is widely believed that part 
of the intestinal bacteria is beneficial to health whilst others may be harmful. 
Colonisation by a bacterial species describes a bacterial population in the 
gastrointestinal tract which is stable in size over time, without the need for periodic re-
introduction of bacteria by repeated oral doses or other means. This implies that 
colonising bacteria multiply in a particular intestinal niche, at a rate that equals or 
exceeds their rate of washout or elimination at the site. They can also become firmly 
associated to the intestinal wall (78). The majority of these bacteria are strict 
anaerobes, especially those in the caeca. Both the variety of species as well as the 
microbial numbers in the gut are determined by an array of complex factors, including 
pH and concentrations of volatile fatty acids of the intestinal content, intestinal 
motility, immune activity, competition for nutrients and receptor sites, production of 
antibacterial compounds and feed composition. Unfortunately, due to its complexity, 
our understanding of the microflora and its interaction with the host is still limited.  
 
The microbial ecosystem of the gut is in such a balance with all available 
ecological niches that it remains very stable in terms of its composition. This stability 
limits both the available space at the intestinal wall and nutrients for newly entering 
species. Therefore, the indigenous microflora tends to suppress colonisation of newly 
entering bacteria. The term colonisation resistance is used to describe this process in 
mammals (142). Germfree mice that were given a 1:1000 dilution or more of a normal 
microflora showed a disturbed colonisation resistance (72). This indicates that even 
bacteria present in extremely low numbers are important for colonisation resistance. 
Reduced competitive exclusion is frequently accompanied by overgrowth of 
(potentially) pathogenic bacteria, leading to increased translocation of pathogens, and 
increased animal mortality. An experiment was designed to investigate the combined 
effect of 95 anaerobic bacteria on Shigella flexneri levels in ex-germfree mice. 
Although Shigella levels were strongly reduced, a much better effect was observed if 
Escherichia coli was administered in addition to the anaerobes, indicating that both 
anaerobes and facultative anaerobes are involved in colonisation resistance (38).  
 
In chickens, colonisation resistance studies have mainly focused on reduction of 
Salmonella by the indigenous microflora. Nurmi and Rantale (100) observed a 
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significant reduction in viable Salmonella counts from the caeca of 10-day-old broilers 
when these broilers were treated with a mature caecal microflora at 1 day of age. This 
colonisation resistance against Salmonella in chickens is now known as competitive 
exclusion (75). It was observed that a bacterial mixture of 295 strains of obligate 
anaerobic bacteria did not protect broilers which were subsequently infected with 
Salmonella infantis (46). This indicates, similar to studies in mice, that both obligate 
anaerobes and facultative anaerobes are important in competitive exclusion. 
 
It can be concluded that both specific bacterial species of the microflora and the 
microbial ecosystem in total are important in excluding potentially pathogenic bacteria 
such as Salmonella from the intestinal tract of broiler chickens. This opens 
possibilities to develop strategies to determine whether or not the composition of the 
intestinal microflora can be improved. Since the microflora of young animals is not 
stable in time, knowledge concerning the development of the microflora is of essential 
importance. 
 
Development of the microflora in broiler chickens 
 
In modern poultry husbandry, newly hatched broiler chickens do not come into 
contact with the mother animal. It is believed that lack of contact results in a delayed 
development of the intestinal microflora. In the first week of life, enterococci and 
lactobacilli dominate the crop, duodenum and ileum of broilers while coliforms, 
enterococci and lactobacilli dominate the caeca (13, 83). Thereafter, a complex 
microflora with mainly obligate anaerobic bacteria starts to dominate the caeca (13, 
83), while lactobacilli dominate crop, duodenum and ileum (13). After two to three 
weeks of age, the microflora is established in the intestine of broiler chickens, which is 
indicated by the stable concentrations of bacterial fermentation products (lactate, 
propionate, acetate and butyrate) in the intestines. In the caeca, acetate, propionate and 
butyrate are present in detectable amounts while lactate can only be detected during 
the first two weeks (12). 
 
Environmental (extrinsic) and host (intrinsic) specific factors are of major 
importance in controlling which of the ingested bacteria will establish and the order of 
succession of the colonising strains. Environmental factors of importance include the 
microbial load of the immediate environment, food and feeding habits and 
environmental temperature. Host factors include intestinal pH and redox potential, 
concentrations of volatile fatty acids, microbial interactions, physiological factors, 
peristalsis, bile acids, host secretions, immune responses and bacterial mucosal 
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receptors (78). The importance of these factors on the development of the intestinal 
microflora in broiler chickens has not yet been evaluated thoroughly. However, this is 
a difficult topic to study because of the extreme subject variability, great variation in 
rearing and feeding practices and limitations in sampling and analysing gut microbial 
communities (78). Recently, molecular tools of modern microbial ecology, mainly 
based on the detection of 16S ribosomal RNA and DNA (rRNA and rDNA), have 
made it possible to study the composition of the intestinal flora in a culture-
independent way. These tools can give additional information about the development 
and the establishment of the intestinal microflora. So far, these new techniques have 
mainly been used to study the intestinal bacteria in humans or pigs (37, 124, 125, 158). 
These methods may contribute to gain new information about the intestinal microflora 
of broiler chickens as well. 
Interventions which aim to improve the developing microflora in broiler 
chickens focus on the critical periods affecting the stability of the microflora, i.e. 
immediately after hatching. During this period, the composition of the microflora 
changes dramatically and interventions might accelerate the development to a (new) 
stable ecosystem. 
 
Salmonella enteritidis in chickens 
 
In recent years, Salmonella enteritidis has become the predominant Salmonella 
in human salmonellosis in western countries like the U.S.A. and the Netherlands (3, 
141). The main source for human S. enteritidis infections is poultry and poultry 
products, where S. enteritidis has become the predominant Salmonella serotype as well 
(141). This increase in S. enteritidis started after the elimination of Salmonella 
gallinarum and Salmonella pullorum from poultry flocks. It is suggested that the 
elimination of these two specific host serotypes created an ecological niche filled by S. 
enteritidis (14). Broiler chickens can be infected with S. enteritidis by vertical 
transmission from asymptomatically infected parent flocks and by horizontal 
transmission from environmental sources (140). The latter can occur from different 
sources in the farm environment since Salmonella serotypes have been isolated from a 
number of different sources including transport crates, litter, walls, air, feed, feeders, 
drinking devices, mice, wild birds, domestic pets and insects (50, 73, 114, 140). 
 
In general, chickens infected with S. enteritidis do not show any clinical effects. 
However, in young chickens systemic infections with S. enteritidis can occur, which 
results in severe disease with high mortality rates (140). The minimum infection dose 
of S. enteritidis in broilers is both age and infection route dependent. 100-fold fewer 
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Salmonella typhimurium cells were required to infect broiler chickens by the 
intracloacal route than by the oral route (30). It can be expected that S. enteritidis will 
behave in a similar way. Very young broiler chickens are much more susceptible to 
infection with S. enteritidis than older broilers (34, 48). 1-day-old broilers infected 
with low levels of S. enteritidis (102 CFU) showed a persistent infection together with 
a high mortality rate. In contrast, 7-day-old broilers infected with S. enteritidis showed 
positive liver samples for 3 weeks and positive caecal samples for 10 weeks but no 
deaths occurred. Furthermore, low levels of S. enteritidis were unable to colonise the 
intestinal tract of 3-week-old broilers (34). The first week after broilers were infected 
with S. enteritidis, the organism was isolated throughout the intestinal tract and from 
internal organs like liver and spleens (22, 34, 48). Thereafter, the isolation rate from 
internal organs decreased and after 3 weeks all organs were Salmonella-negative 
again. In contrast, infection was most persistent in the caeca of broiler chickens and S. 
enteritidis was isolated from the caeca up to 12 weeks after infection (22, 34, 48). In 
conclusion, very young broilers (less than 1 week old) are most susceptible to infection 
with S. enteritidis and S. enteritidis is most persistently associated with the caeca. 
Therefore, intervention strategies aimed to reduce or eliminate S. enteritidis from 
broiler chickens can be best addressed to the caeca of broiler chickens at a very young 
age. 
 
Competitive exclusion 
 
Already in 1907, it was proposed that consumption of live microorganisms 
(mainly lactic acid bacteria) could improve the intestinal health and well being of the 
host (85, 86). However, the term "probiotic" was first coined some three decades ago, 
although the meaning of the word has been changing ever since. Nowadays, a 
workable definition for probiotics is ‘a mono- or mixed culture of live micro-
organisms which, when applied to animal or man, beneficially affect the host by 
improving the properties of the indigenous gastrointestinal microflora’ (54). In poultry, 
the probiotic concept has mainly been used to exclude potentially pathogenic bacteria 
like Salmonella or Campylobacter from the intestinal tract. This phenomenon is 
usually referred to as ‘competitive exclusion’ in poultry rather than the probiotic 
concept. The ‘competitive exclusion’ of one type of bacterium by other types was used 
as a term for the first time by Greenberg (49). He used the term to describe the 
competitive exclusion of S. typhimurium from maggots of blowflies by the normal 
microbiota. The concept of competitive exclusion was applied to poultry for the first 
time by Nurmi and Rantale (100). The term competitive exclusion was used in relation 
to poultry for the first time by Lloyd (75). 
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Undefined cultures 
 
Nurmi and Rantale (100) were the first who hypothesised that the lack of 
contact between the hatched broiler and the mother animal results in a delayed 
development of the intestinal microflora in broiler chickens. These authors suggested 
that this delayed development could be an explanation for the high susceptibility of 
young broilers for caecal Salmonella colonisation. To test this hypothesis they 
administered caecal material of an adult chicken to 1-day-old broilers and 
subsequently infected these broilers with S. infantis. Results showed that broilers in the 
treated group were significantly less infected with Salmonella and had a significant 
lower count of Salmonella in their caeca compared to the non-treated group (100). At a 
later stage, the same authors showed that similar protection was observed when an 
anaerobic broth culture of caecal content of an adult fowl was used. In contrast, bovine 
rumen fluid and horse faecal material did not show any protection (113). Many other 
research groups around the world have confirmed this work and similar results have 
been obtained with S. typhimurium, S. enteritidis, Salmonella heidelberg, Salmonella 
kedougou and S. gallinarum (reviewed by 82, 109, 120, 130). 
 
In the Netherlands, this work has led to a big field trial with administration of 
undefined caecal cultures to 1-day-old broilers at the hatchery. The study included as 
many as eight million broilers in 284 flocks. Results showed that 0.9% of the treated 
birds were Salmonella-positive compared to 3.5% in the control birds. Furthermore, 
competitive exclusion treatment reduced the Salmonella-incidence within positive 
flocks from 14.3% to 6.4% (45, 47). In spite of these successful results, the use of 
competitive exclusion cultures was stopped since most Salmonella serotypes found in 
flocks were related to breeding farms. Furthermore, the costs of treatment were high 
and the competitive exclusion product was undefined (90). The main disadvantage of 
the undefined mixtures is the risk that they contain (potentially) pathogenic bacteria or 
viruses for poultry and/or humans, which makes it difficult to register undefined 
cultures in some countries and certainly within the European Union. Another 
consideration is that reproducible mass cultivation of undefined mixed cultures is very 
difficult in contrast to well-defined mixtures. 
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Defined cultures 
 
Early attempts in using defined bacterial species focused on single bacterial 
isolates or on mixtures of a few bacterial strains. Most of these reports did not show 
any protection against Salmonella (1, 128, 133). Some authors even suggested a 
negative effect of a defined mixture with a few lactobacilli-species on intestinal 
balance, which resulted in an increased colonisation of Salmonella (11, 152). 
Nevertheless, increased interest in the area of human probiotics has focused recent 
research again on the use of lactobacilli as protective cultures against Salmonella. 
Unfortunately, no consistent results were found. Some show a protective effect of 
lactobacilli against Salmonella (36, 108) although the protection is much lower than is 
observed with mixed cultures of bacteria. Others still do not find a protective effect 
against Salmonella when Lactobacillus-cultures are applied to broiler chickens (60, 
102). 
 
In contrast, it was observed that good protection against Salmonella infection 
was observed if the mixtures contained a large number of different bacterial strains 
(from 29 to 50 different strains) isolated from the caeca of adult chickens (29, 43, 46, 
68, 131, 132). If the number of strains in these mixtures was reduced, the protection 
against Salmonella infection in broilers was much less pronounced (29, 95, 131, 132). 
Even if one bacterium was withdrawn from a mixture of 29 different bacterial strains, 
protection was reduced (29). Furthermore, it was reported that the bacterial mixture 
should contain obligate anaerobic and facultative anaerobic strains since a mixture of 
295 strains of obligate anaerobic bacteria did not show protection when broilers were 
infected with Salmonella infantis (46). 
 
The reduction of Salmonella counts by defined cultures was enhanced when 
these cultures were combined with lactose provided in the feed of broiler chickens (23, 
25, 57, 62). The reason behind this is that chickens only have a trace activity of lactase 
in their intestines (122, 123). As a result, only small amounts of lactose will be 
degraded in the intestinal tract of chickens. Most of the lactose fed to chickens will 
reach the caeca where it will be fermented by the caecal microflora (67). It was 
observed that feeding lactose to broilers resulted in a significant lower pH of caecal 
content (88). This is probably caused by the enhanced fermentation of lactose by 
caecal bacteria. Similar results were obtained when fructooligosaccharides added to 
the feed were combined with competitive exclusion cultures to protect chickens 
against Salmonella (7). 
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Commercially available products 
 
Research in the field of defined competitive exclusion cultures has led to the 
manufacturing of a few commercially available competitive exclusion products. The 
bacterial composition of the Finnish product Broilact is not clearly defined, but it 
does have a limited number of chicken intestinal bacteria (61). Laboratory studies 
showed a significant reduction of Salmonella in caecal contents of chickens treated 
with Broilact (99, 119). Field trials have confirmed these results in several countries. 
In Finland, Broilact was used to treat 400 flocks and left 192 flocks untreated during 
a period of 3 years (1986 to 1988). After three years, only 6.5% of the treated flocks 
were Salmonella-positive compared to 21% of the untreated flocks (61). Similar 
results have been reported in Sweden and France (107, 153). In 1992, more than 70% 
of all broilers were treated with Broilact in Finland. 
 
PREEMPTTM is a product containing 29 different bacterial strains, which have 
been enriched from caecal material with continuous culture techniques (29). The 
product has been studied thoroughly under laboratory conditions and all these studies 
showed that broilers treated with PREEMPTTM had lower numbers of Salmonella in 
their caeca compared to non-treated broilers (26, 29, 33, 65, 94, 97). The product was 
also tested in three commercial farmhouses and results showed that in two farmhouses 
the number of Salmonella positive caeca was significantly lower in 3-week-old 
broilers treated with PREEMPTTM. However, at 6 weeks of age only one of the 3 
farmhouses showed a significant lower number of caeca positive for Salmonella in the 
PREEMPTTM-treated group. Still, the authors conclude that the product enhanced 
colonisation resistance against Salmonella and may serve as a useful component in an 
integrated program to reduce Salmonella in commercially reared broilers (28). 
Although these experiments show promising results for a fully defined competitive 
exclusion product, further field trials are necessary to evaluate the usefulness of 
PREEMPTTM in reducing Salmonella from poultry flocks. 
 
Mechanisms behind competitive exclusion 
 
One of the biggest problems in developing defined competitive exclusion 
mixtures with a low number of bacterial strains is that the mechanism(s) behind 
reduction of Salmonella by competitive exclusion cultures is/are still unknown. 
Several mechanisms have been proposed: competition for nutrients or receptor sites, 
immunomodulation, production of antimicrobial substances, or production of volatile 
fatty acids (Fig. 1.1; (25) and references therein). Surprisingly, only a few studies have 
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been conducted to determine the importance of these mechanisms in competitive 
exclusion. Some of these studies will be discussed below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Possible interactions between bacteria of competitive exclusion mixtures 
(indicated as CE-bacteria) with potential harmful bacteria in the caeca of broiler chickens and 
with caecal epithelial cells. 
 
 
Bacteriocines 
 
Many bacteria are known for their production of bacteriocines, which are 
protein like anti-microbial compounds. Therefore, attention has been paid to bacterial 
species present in the normal caecal microflora of broiler chickens, which produce 
bacteriocines against Salmonella. However, this research has not been done with 
bacterial species present in competitive exclusion cultures with shown protection 
against Salmonella. Mainly lactic acid bacteria have been isolated from the intestines 
of chickens, which showed a good inhibition of Salmonella serotypes with an agar spot 
test, an agar well test or an agar overlay test (6, 40, 52, 71, 87, 104). Some of the 
authors suggested from these studies that bacteriocines produced by the lactic acid 
bacteria are responsible for this inhibition (52, 87, 104). However, the true nature of 
the observed inhibition was not determined. In other studies, it was observed that no 
inhibition was observed when the culture fluid was neutralised (6, 40, 71). One study 
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showed that inhibition of Salmonella was not reduced when the supernatant was 
pronase or trypsine treated which degrades bacteriocin-like peptides (71). These 
results strongly suggest that bacteriocines are not responsible for the inhibition against 
Salmonella. Other components produced by lactic acid bacteria, such as lactic acid and 
acetic acid at low pH might play a pivotal role in the inhibition of Salmonella. 
However, for an Enterococcus faecium strain inhibiting Salmonella serotypes it was 
shown that both lactic acid and a bacteriocin were responsible for the inhibition of 
Salmonella (6). Only Enterococcus faecium and Lactobacillus salivarius as bacteriocin 
producing strains have been tested in vivo. These studies showed slight reduction of 
caecal Salmonella numbers in the chickens treated with strains of lactic acid bacteria 
(5, 108). However, it was not determined in these studies if bacteriocines were 
responsible for this reduction. 
 
Competition for attachment sites 
 
Using scanning electron microscopy, it was shown that the caecal mucosa of 
broilers treated with competitive exclusion cultures was extensively colonised with 
bacteria. In contrast, mucosa of non-treated broilers showed only a few colonised 
bacteria (33, 127, 154). Furthermore, it was shown that a competitive exclusion culture 
isolated from the caecal mucosa of chickens protected 1-day-old broilers better against 
Salmonella than a competitive exclusion culture isolated from the caecal lumen of 
chickens (134). These results may indicate that colonisation of the mucosal epithelium 
by bacteria from competitive exclusion cultures reduce the availability of possible 
mucosal binding sites for Salmonella. In contrast, McHan et al. (79) showed that 
caeca, isolated from chickens treated with competitive exclusion cultures, exposed to 
S. typhimurium for 10 minutes had the same number of attached Salmonella cells as 
for caeca of chickens not treated with competitive exclusion cultures. 
 
In vitro work in this area has not been done with bacterial species present in the 
competitive exclusion cultures but with different lactobacilli species isolated from the 
intestines of chickens. These studies showed that different lactobacilli could reduce the 
attachment of Salmonella serotypes to chicken intestinal cells (31, 32, 51). However, it 
has to be determined if these lactobacilli strains can outcompete Salmonella for 
attachment sites in vivo. 
 
It has been shown for mice that other bacteria besides lactobacilli can also play 
a role in the competition for attachment sites. Bacteroides thetaiotaomicron and 
segmented filamentous bacteria induce the fucosylation of the glycolipid asialo GM1 
on epithelial cells of the small intestine in mice. As a result of this mutually beneficial 
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"cross talk" between the microflora and the host, these species are stimulated, whereas 
attachment of Enterobacteriaceae to epithelial cells is likely reduced (139) since these 
species prefer adhesion to asialo GM1 rather than to fucosyl asialo GM1. Therefore, 
the presence of Bacteroides might reduce colonisation of members of 
Enterobacteriaceae such as E. coli and Salmonella. These bacterial species are 
probably present in chickens as well and therefore this type of competition for 
attachment sites might occur in the intestines of chickens although further research is 
necessary to confirm this type of competition.  
 
Volatile fatty acids 
 
It was observed in competitive exclusion culture experiments that the decreased 
viable counts of Salmonella in the caeca of treated broilers was accompanied by a 
significant increase in concentrations of undissociated volatile fatty acids (56). 
Reduction of numbers of Salmonella from the caeca of broilers is enhanced when 
competitive exclusion cultures are given together with lactose (56, 93, 155). The 
addition of lactose together with competitive exclusion cultures results in a lower 
caecal pH and hence higher concentrations of undissociated volatile fatty acids 
compared to chickens only given competitive exclusion cultures (56, 93, 155). It has 
been shown that there was a significant negative correlation between concentration of 
undissociated propionic acid in the caeca and numbers of Salmonella in the caeca of 
broilers treated with competitive exclusion cultures (93, 94, 155). Moreover, it was 
shown that the effectiveness of a mixed culture against Salmonella is related to the 
amount of propionic acid produced in the caeca of 3-day-old broilers (94). If the 
competitive exclusion culture can increase propionic acid concentrations in the caeca 
of 3-day-old broilers significantly, than the numbers of Salmonella cultivated from the 
caeca of 10-day-old broilers will be significantly reduced.  These results suggest that 
volatile fatty acids play an important role in the reduction of Salmonella by 
competitive exclusion cultures. However, some of these authors concluded that this 
does not imply that propionate or total volatile fatty acids caused the reduction in 
Salmonella (93, 94). They suggested that propionate or total concentrations of volatile 
fatty acids are an indication that the caecal bacterial strains applied have become 
established in the caeca at 3 days of age but that these bacteria inhibit Salmonella by 
other mechanisms. In contrast, another study showed that reduction in numbers of 
Salmonella was similar in chickens receiving a mixture of different competitive 
exclusion cultures while concentrations of undissociated volatile fatty acids were very 
low in the caeca of chickens treated with one of the two competitive exclusion cultures 
(63). These authors conclude that other mechanisms than volatile fatty acids play a 
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role in the reduction of Salmonella numbers from the caeca of broiler chickens treated 
with competitive exclusion cultures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Mechanism behind toxicity of volatile fatty acids in Salmonella. pHe, external pH; 
pHi, internal pH. 
 
 
In vitro, it was shown that volatile fatty acids inhibit the growth of S. 
typhimurium and that this inhibition increases when studied at lower pH (44). The 
exact mechanism behind the toxicity of volatile fatty acids for Salmonella is still 
unknown. It has been proposed that the undissociated form of these acids can diffuse 
freely across the bacterial membrane into the cell. Inside the bacterial cell the acid 
dissociates, therewith reducing the internal pH, which will cause internal cell damage 
(Fig. 1.2). However, it has also been proposed that the anion might damage the cell 
(15, 18, 115). These studies were performed at low pH and with high concentrations of 
volatile fatty acids not representative of the caeca of broilers. Barnes et al. (12) tested 
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the effect of different mixtures of volatile fatty acids (resembling caecal concentrations 
of normally raised 3-, 7-, 14- and 21-day-old broilers) in VL-broth on S. typhimurium. 
They showed that concentrations of volatile fatty acids as present in the caeca of 3-
day-old broilers had already a bacteriostatic effect on the growth of S. typhimurium if 
the pH was under 5.7. This inhibiting effect did not change when higher 
concentrations of volatile fatty acids were used, as has been measured in vivo. In 
contrast, caecal concentrations of 21-day-old broilers did not show any inhibition 
against Salmonella. This inconsistent result was probably caused by the higher pH-
levels (pH > 5.9) in the latter case. Furthermore, it should be noted that studying the 
effect of volatile fatty acids on a stationary phase culture of S. typhimurium under 
batch conditions is not representative of the growth conditions S. typhimurium 
encounters in the caeca of broiler chickens. 
 
The effect of volatile fatty acids produced by bacterial species isolated from 
competitive exclusion cultures or caecal contents, on Salmonella serotypes was studied 
in vitro. Inhibition of S. typhimurium and S. enteritidis was observed with pure 
cultures of Veillonella sp. growing on lactate and Streptococcus sp. growing on lactose 
with an agar overlay method (55, 58, 59). However, inhibition of Salmonella was only 
observed when high concentrations of propionate (> 125 mM) were produced by 
Veillonella sp. or with a very low pH (~ 4) in the culture medium after growth of 
Streptococcus sp. In contrast, a mixed culture of Enterococcus sp. and Veillonella sp. 
fermenting sugars to acetate and propionate at pH 5.0 under batch conditions could not 
inhibit S. typhimurium (35). In conclusion, the results from these in vitro studies are 
not in agreement with the observed negative correlations between reduction in 
numbers of Salmonella and increasing concentrations of undissociated propionate in 
the caeca of broilers treated with competitive exclusion cultures. Even though the 
conditions applied in the in vitro studies are far from representative of the growth 
conditions present in the caeca of broilers, it remains questionable if volatile fatty 
acids are an important mechanism in competitive exclusion.   
 
Outline of this thesis 
 
 As stated in this introduction, the development of a defined competitive 
exclusion culture with a low number of bacterial species is problematic. Up till now, 
experiments focusing on the development of a defined competitive exclusion mixture 
have all been done in chickens on a trial-error basis. In this thesis, a new approach is 
used. First, a possible mechanism behind competitive exclusion is studied. Second, on 
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basis of the results from the first studies, a low number of bacterial species from the 
caecal content of chickens are selected for a competitive exclusion mixture. 
 
The aim of this thesis is to study the role of volatile fatty acids in competitive 
exclusion of S. enteritidis in the caeca of broiler chickens. In addition, this thesis aims 
to develop a defined competitive exclusion culture with a low number of bacterial 
species active against S. enteritidis by the production of volatile fatty acids in the 
caeca of broiler chickens. 
  
In chapter two, the development of the intestinal microflora during growth of 
broiler chickens is studied by 16S rDNA analysis using denaturing gradient gel 
electrophoresis. This approach can give some insight in the role of specific host and/or 
environmental factors on the establishment of the intestinal microflora. In chapter 
three, the role of volatile fatty acids on the development of the normal microflora in 
the caeca of broiler chickens is determined. Special attention is given to the effect of 
volatile fatty acids on viable counts of members of the family Enterobacteriaceae. To 
study effects on growth of S. enteritidis in the caeca of broiler chickens an in vitro 
model is developed. This system mimics the ecophysiological conditions of the caeca 
with respect to anaerobiosis, substrate limitation, pH and representative concentrations 
of volatile fatty acids. The effect of different concentrations of volatile fatty acids, 
representative of the caeca of broiler chickens during growth, on growth of S. 
enteritidis in this in vitro model is presented in chapter four. The effect of a fast 
increase in volatile fatty acids, as observed in the caeca of broiler chickens treated with 
competitive exclusion cultures, on growth of S. enteritidis is studied in this model as 
well. 
  
On basis of the results of these chapters, it is decided to isolate two bacterial 
strains from the caeca of broiler chickens to compose a competitive exclusion culture 
that might be able to increase volatile fatty acid concentrations in the caeca of broilers. 
In mixed culture, these two strains are capable of fermenting lactose to acetate and 
propionate. Chapter five describes the characteristics of one of these two bacterial 
species, since this bacterium has not been described before and can be assigned as a 
novel species. The effect of the two bacterial strains on growth of S. enteritidis, as a 
mixed culture in the previously mentioned in vitro model, is studied in chapter six. 
Finally in chapter seven, broiler chickens are treated with the two bacterial strains. It 
is determined if the two bacteria are capable of increasing acetate and propionate 
concentrations in the caeca of broiler chickens. 
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The development of the intestinal bacterial flora in chickens was studied using a 
16S rDNA approach. PCR-amplicons from the V6 to V8 regions of the 16S rDNA 
of intestinal samples were sequence specifically separated by denaturing gradient 
gel electrophoresis (DGGE). The number of bands in all intestinal compartments 
increased when broilers grew older, indicating that the dominant bacterial flora 
becomes more complex when chickens age. Each chicken had a unique banding 
pattern for all locations in the intestinal tract, irrespective of the age of chickens. 
This suggests that host-related factors affect the establishment of the dominant 
bacterial flora. Banding patterns of intestinal compartments within one chicken 
were different from each other for broilers older than 4 days, except for both 
caeca which were highly similar. In 4-day-old broilers, banding patterns from 
crop, duodenum and ileum were very similar.  We conclude that (unknown) host 
specific factors play an important role in the development of the intestinal 
bacterial flora in each broiler chicken. Furthermore, compartment specific 
factors play an important role in the bacterial development of each intestinal 
compartment within one chicken. 
         _______________________________________________________________ 
 
The microflora in the gastrointestinal tract of broiler chickens plays an 
important role in nutrition, detoxification of certain compounds, growth performance 
and protection against pathogenic bacteria (81, 100, 149). The bacterial flora of crop, 
duodenum, ileum, caeca and colon has mainly been studied by plate count analysis 
(13, 81, 83, 101, 118, 121, 144). However, the use of these conventional 
microbiological methods has some major limitations. Bacteria difficult to cultivate or 
non-culturable bacterial species, e.g. due to unknown growth conditions, stress 
imposed by cultivation procedures or obligate interactions with the host or other 
bacteria, will be missed. Furthermore, selective media have not been developed for all 
bacterial groups present in the intestinal tract and the strictly anoxic conditions some 
bacteria require cannot be met in the laboratory. Estimates of the culturability of the 
predominant bacteria by comparing direct microscopic counts with total plate counts 
showed that only 10 to 50% of the intestinal bacteria of broiler chickens (aged 1 day to 
6 weeks) could be cultured (10, 12, 13, 83, 118). This indicates that insight into 
interactions occurring between host and bacteria, as well as the influence of 
environmental factors on microbial communities in the intestinal tract of broiler 
chickens is still lacking. 
 
With the availability of molecular techniques based on 16S rDNA or rRNA, 
more insight into the microbial structure of different ecosystems has been obtained 
(reviewed by 2, 148, 150). Denaturing gradient gel electrophoresis (DGGE) and 
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temperature gradient gel electrophoresis are methods used to analyse microbial 
communities on a species level, based on sequence-specific separation of 16S rDNA 
amplicons (reviewed by 92). Recently, these methods have been used to describe 
bacterial diversity in human faeces (158) and in the intestine of pigs (124, 125). These 
studies showed that every human or pig had its own specific bacterial community, 
which was stable during a 6-month period. Furthermore, each intestinal compartment 
within a pig had its own unique profile with the highest similarity to the closest other 
compartment. It remains uncertain if these conclusions can be extended to the 
intestinal tract of broilers because the intestines of chickens with crop, two caeca and a 
short colon differ from the intestinal tract of pigs and humans. 
 
The objective of this study was to follow the development of the dominant 
bacterial flora in the intestinal tract of commercially raised broiler chickens using 
DGGE. The similarity between banding patterns of the intestinal bacterial flora in 
three broiler chickens raised under the same conditions and between different 
intestinal compartments within one chicken was determined. These results can give 
more insight into factors that may be important in directing the development of the 
intestinal bacterial flora of broiler chickens. 
 
MATERIALS AND METHODS 
 
Chickens and Management. Broiler chickens were housed in a commercial 
farmhouse in Leusden, The Netherlands. The flock contained 17,000 broilers (Cobb 
breed). Three broiler chickens were obtained from this flock at days 1, 4, 7, 11, 15, 22, 
28, and 39. Broilers were fed water and feed ad libitum. Broilers received feed with 
growth-promoting or anti-coccidial antibiotics. From day 1 to day 10, feed contained 
nicarbazin (10 mg kg-1) and avilamycin (10 mg kg-1); from day 11 to day 33, feed 
contained avilamycin (9 mg kg-1) and salinomycin (64 mg kg-1); and from day 34 to 
day 40, feed contained avilamycin (6 mg kg-1). After transportation to the laboratory, 
broilers were euthanised by cervical dislocation. The gastrointestinal tract was isolated 
and the whole content of crop, duodenum, distal ileum (taken just before the caecal 
opening) and each caecum respectively was homogenised in 3 ml 0.05 M potassium 
phosphate buffer (pH 7) and 1 ml aliquots were stored overnight at –80oC. 
 
DNA-isolation.  After thawing, samples were centrifuged (2 min; 15,800 ✕  g). 
Supernatant was discarded and the pellet was washed twice with TE buffer (10 mM 
Tris/HCl; 1 mM EDTA; pH 8.0) and resuspended in 500 µl TE buffer. DNA was 
isolated within 24 h of sampling were taken essentially the same as described by 
Simpson et al. (125). In short, cells were lysed with lysozyme at a final concentration 
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(FC) of 900 µg ml-1 followed by sodium dodecyl sulphate (SDS; FC 0.83% w/v) and 
proteinase K (FC 10 units ml-1) treatment. RNase treatment (FC 10 units ml-1) was 
used to remove RNA from the samples. The lysate was deproteinised repeatedly with 
phenol/chloroform/isoamylalcohol (25:24:1) and chloroform/isoamylalcohol (24:1). 
DNA was precipitated with isopropanol, washed and resuspended in 200 µl TE buffer 
and stored at –80oC. 
 
PCR amplification. Primers U968-GC (5’ CGC CCG GGG CGC GCC CCG 
GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC) and 
L1401 (5’ CGG TGT GTA CAA GAC CC) (98) were used to amplify the V6 to V8 
regions of the bacterial 16S rDNA. The GC clamp in primer U968-GC creates PCR-
products suitable for separation by DGGE (91).  
 
PCR was performed with Ready-to-GoTM PCR beads (Pharmacia Biotech). 
PCR-mixtures of 25 µl contained 1.5 U Taq DNA polymerase, 10 mM Tris-HCl (pH 
9.0), 1.5 mM MgCl2, 50 mM KCl, 2.5 µg bovine serum albumin, 200 µM of each 
DNTP, 5 pmol of each primer and 1 µl of 100 times diluted DNA. PCR-mixtures were 
covered with mineral oil. Samples were amplified in a DNA Thermal Cycler 480 
(Perkin Elmer) using the following program: 94oC for 10 min; 35 cycles of 94oC for 1 
min, 56oC for 1 min, 68oC for 2 min; and finally 68oC for 8 min. Product size and 
amount was checked on a 1.5% (wt/vol) agarose gel containing ethidium bromide.  
 
DGGE analysis and similarity index calculations. Parallel DGGE was 
performed with the Bio-Rad D-code SystemTM. Electrophoresis was performed in a 0.8 
mm polyacrylamide gel (6% [wt/vol] acrylamide, 0.1 % bisacrylamide) with TAE 
buffer (40 mM Tris base; 5 mM Na-acetate; 1 mM EDTA; pH 8.0) as the 
electrophoresis buffer at a fixed voltage of 80V for 24 h at 60oC. A gradient of 
denaturants from 30 to 65% (100% denaturant corresponds to 7 M urea and 40% de-
ionised formamide) was applied parallel to the electrophoresis running direction. PCR-
samples were applied to gels in aliquots of 20 µl per lane. After completion of 
electrophoresis, DGGE-gels were silver-stained with a DNA Silver Staining Kit 
(Pharmacia Biotech) in a Hoefer Automated Gel Stainer (Pharmacia Biotech). All 
samples were run twice on two different gels. 
 
Background subtraction on gel images was performed as was described by 
Simpson et al. (125). Band patterns were converted to peak profiles of densitometric 
curves with the gel analysing program Image Master 1D Elite (Pharmacia Biotech). 
Total numbers of bands were counted using these peak profiles. Gel patterns were 
further analysed with the gel pattern analysing program Molecular Analyst 1.12 (Bio-
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Rad). Similarity indices between patterns were calculated with Pearson product 
moment correlation coefficient. This coefficient takes band position and band density 
into account and is best suited to compare banding patterns (53). A coefficient of 100 
indicates that the densitometric curves of the banding patterns of intestinal samples are 
identical in the three chickens. A coefficient of –100 indicates that the densitometric 
curves of the banding patterns are the opposite (e.g. a valley in one curve corresponds 
to a peak in the other curve).  
 
RESULTS 
 
Microbial diversity. The diversity of the dominant intestinal bacterial flora 
was followed during ageing of broiler chickens by determining the number of bands in 
each DGGE-profile. Intestinal samples of 1-day-old broilers showed no bands in 
DGGE gels except for the crop where low number of bands were detected (Fig. 2.1). 
This does not imply that bacteria are not present in duodenum, ileum and both caeca of 
1-day-old broilers, but the bacterial numbers are probably below the detection limit. 
This is confirmed by the very low numbers of total bacteria (~ 106 CFU ml-1) counted 
back from the caeca of 1-day-old broiler chickens (144). The number of bands in the 
DGGE-profiles increased in all parts of the intestinal tract when broilers aged from 1 
to 11 days old (Fig. 2.1). When broilers aged from 11 to 22 days, number of bands in 
crop and duodenum decreased but thereafter increased again. In the ileum, band 
numbers stabilised when chickens aged from 11 to 28 days. Subsequently, bands 
increased again. For both caeca, the number of bands stabilised at a constant number 
after chickens were 11 days of age. Furthermore, the number of bands was higher in 
the caeca compared to the other three parts of the intestinal tract (Fig. 2.1). 
 
Similarity indices between chickens.
 Pearson product moment correlation 
coefficients between the banding patterns of intestinal samples of three chickens of the 
same age were calculated to determine if these chickens had the same dominant 
bacterial flora in their intestines. This approach resulted in three different similarity 
coefficients for the comparison of three chickens of the same age (between banding 
pattern of intestinal samples of chicken 1 and 2, chicken 1 and 3 and chicken 2 and 3), 
which were averaged. There was no clear pattern when the intestinal samples of three 
chickens were compared (data not shown). Mostly, the similarity coefficient fluctuated 
around a value of 50 for every intestinal compartment irrespective of the age of the 
broilers. Furthermore, standard deviations were high when similarity coefficients were 
averaged in this way. This indicates that the similarity coefficient between the first 
chicken and the second gave a very different value than when the first or second 
chicken was compared with the third chicken. These results suggest that the dominant 
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bacterial flora in crop, duodenum, ileum and both caeca of each chicken are different 
from other chickens throughout the life of broilers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Number of 16S rDNA amplicons in crop (), duodenum (), ileum ( 
caecum (), and right caecum (Ο) during growth of broilers. Results are given as mean of 
three chickens ± standard deviation. 
 
 
Similarity indices between intestinal compartments. To determine the 
similarity between samples from different intestinal compartments within one chicken, 
similarity coefficients were determined between banding patterns of different parts of 
the intestinal tract within one chicken (e.g. crop versus duodenum, ileum, right caecum 
and left caecum). The coefficients obtained were averaged for three chickens of the 
same age and plotted as a function of the compartment (Fig. 2.2). Banding patterns 
between crop and duodenum or crop and ileum had the highest similarity. In contrast, 
the similarity coefficient between crop and each caecum was very low (Fig. 2.2A). The 
banding pattern between duodenum and ileum showed a very high similarity as well, 
while the similarity between duodenum and each caecum was very low again (Fig. 
2.2B). During the first two weeks of life, the similarity coefficient between banding 
patterns of ileum and each caecum was much lower than the similarity between ileum 
and crop or duodenum. However, after two weeks the similarity between the banding 
patterns of ileum and each caecum had increased and was at the same level as between 
ileum and duodenum or crop (Fig. 2.2C). The similarity between banding patterns of 
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the two caeca was very high except in 28-day-old chickens. However, at that specific 
age one of the three chickens showed an abnormal low similarity of banding patterns 
between both caeca, which resulted in the low average similarity coefficient and a high 
standard deviation (Fig. 2.2D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Pearson product moment correlation coefficients of similarity between banding 
patterns of the dominant bacterial flora of crop (A), duodenum (B), ileum (C), right caecum 
(D) and crop (), duodenum (), ileum (	
), and right caecum (Ο). Results 
are given as mean of three chickens ± standard deviation. 
 
 
In 4-day-old broilers, banding patterns between crop, duodenum and ileum 
showed high similarity coefficients with each other with values approaching 100 (Fig. 
2.2). Thereafter, the similarityvalues decreased when broilers aged to 11 days old after 
which they remained stable. The similarity coefficient between crop, duodenum or 
ileum with each caecum was also higher in 4-day-old chicken compared to older 
broilers. 
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DISCUSSION 
 
In this study we investigated the development of the bacterial flora in four parts 
of the intestinal tract of broiler chickens by DGGE analysis of 16S rDNA amplicons. 
In DGGE gels, each band reflects at least one specific 16S rDNA sequence. A single 
bacterial species can have different 16S rDNA copies indicating that the total number 
of bands obtained for every sample does not represent the total number of bacterial 
species present in the sample. Furthermore, it has been estimated that only bacterial 
populations that make up 1% or more of the total community can be detected by PCR-
DGGE (92). Crop, duodenum, ileum and caeca of chickens contain normally around 
109 to 1010 bacteria per gram (13, 83, 101, 144), indicating that only bacteria present 
around 107 to 108 per gram can be detected by DGGE. Therefore, the results of this 
study give a very good view of the development of the dominant bacterial flora in the 
intestinal tract of broilers during growth. 
 
We observed that the number of bands in the profiles increased when broiler 
chickens grew older. This indicates that the diversity of the dominant bacteria in the 
intestinal tract also increase as broilers grow older. For the caeca, this has also been 
observed using direct microscopic observations or cultivation of the dominant bacterial 
flora (8, 9, 13, 144). In the caeca, the number of bands in the gels remained at the same 
level after 14 days, which might indicate that after two weeks caeca have a stable 
bacterial flora. This is a confirmation of previous observations showing stable 
concentrations of caecal volatile fatty acids (which are produced by the dominant 
microflora) in chickens after 14 days of age (144). For the other three parts of the 
intestinal tract it has been observed with classical microbiological methods that 
lactobacilli dominated within three days and remained the dominant bacterial flora 
with other groups being present around 107 per gram content or lower (9, 81, 121). 
Only 1 to 3 Lactobacillus-species seemed to be dominant in these parts of the 
intestinal tract (39, 81). This seems in contrast to our observation where high numbers 
of bands were observed in these parts, suggesting that several bacterial species 
dominate these parts of the intestinal tract. 
 
Despite the fact that chickens of the same age were raised under the same 
conditions, retrieved the same feed and lived in contact to each other, they showed 
different banding patterns. This shows that every chicken has its own unique dominant 
intestinal bacterial flora and suggests that host specific factors are important in the 
establishment of the intestinal bacterial flora. In contrast to these findings, it was 
concluded from a study with %G+C-profiling of the dominant intestinal bacterial flora 
of chickens, that chickens from the same age raised under same conditions had the 
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same dominant intestinal bacterial flora (4). However, these authors did not compare 
intestinal samples from two different chickens but compared two replicate samples 
after intestinal samples from two chickens were pooled. We made direct comparisons 
between samples of different chickens without having these samples pooled. 
Furthermore, DGGE of 16S rDNA amplicons gives information about specific 16S 
rDNA sequences while this information cannot be obtained with bacterial %G+C-
profiles. For other animals, similar results to ours have been obtained with DGGE-
analysis of the intestinal bacterial flora of different individuals (124, 157, 158). These 
authors conclude as well that host specific factors influence the intestinal bacterial 
development. Still, these host specific factors have to be determined. 
 
Throughout the life of broilers, DGGE-banding patterns of both caeca are very 
similar but most different from banding patterns obtained from other parts of the 
intestinal tract. Although crop, duodenum and ileum were more similar to each other 
compared to the caeca, our results still showed that every part of the intestinal tract has 
its own specific bacterial flora and can thus be seen as separate ecosystems. This result 
has also been obtained when the caecal and ileal bacterial flora of adult chickens were 
compared with %G+C profiling (4) or traditional culturing methods (9, 13, 81, 101). 
However, this study shows for the first time that crop, duodenum and ileum have a 
specific microflora as well. This observation is in contrast with culturing techniques 
where the same bacterial species were isolated from the ileum and duodenum (117). 
However, these traditional microbial methods have limitations. In those studies, 
lactobacilli were counted on the genus level and differences on the species level could 
not be obtained with this method. Moreover, a number of bacterial species are 
unculturable and will be missed with these traditional methods. Therefore, such results 
cannot give a complete view of the dominant bacterial species present in the intestinal 
tract. In this study, the dominant intestinal bacterial flora was compared using DGGE, 
a culture-independent approach. Therefore, better insight in the dominant bacterial 
flora of the different parts of the intestinal tract was obtained. Specific banding 
patterns for each intestinal compartment were obtained as well, using DGGE-analysis 
of the dominant bacterial flora of samples from different parts of the pig intestinal tract 
(125). However, pig caecal samples were not completely different from other parts of 
the intestinal tract. This difference is probably caused by differences in anatomy of the 
intestinal tract of both animals.  
 
Our results demonstrated that the dominant bacterial flora in crop, duodenum 
and ileum within one chicken was very similar in 4-day-old broilers. Even the 
similarity between the dominant bacterial flora of the caeca with the other three parts 
of the intestinal tract was much higher in 4-day-old broilers. Immediately after 
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hatching the intestinal tract of broiler chickens is germ-free and subsequently will be 
colonised by bacteria from the surrounding environment. The similarity between 
banding patterns of crop, duodenum and ileum in 4-day-old broilers suggests that the 
environmental conditions along the intestinal tract are rather similar and do not allow 
nice differentiation. When broilers age, similarity between banding patterns of crop, 
duodenum and ileum decrease considerably. This indicates that certain factors in the 
intestine (e.g. pH, nutrition, bile salts, oxygen concentration) change specifically in 
each compartment. This study shows for the first time that these specific conditions in 
each compartments result in the development of specific microbial communities for a 
given intestinal compartment. 
 
Overall, we conclude from our study that every chicken as well as every 
compartment of the intestinal tract within one chicken has its own specific dominant 
bacterial flora except for the left and right caeca, which are highly similar. Secondly, 
we conclude that crop, duodenum and ileum in very young broilers have a similar 
dominant bacterial flora but the bacterial flora becomes intestinal compartment 
specific when broilers age. These conclusions support the hypothesis that host and 
compartment specific factors play an important role in the development of the 
intestinal bacterial flora in broiler chickens. The compartment specific factors need 
time before they start to influence the development of the bacterial flora. The results of 
this study can be important for studies related to the manipulation of the intestinal 
bacterial flora in chickens such as competitive exclusion or probiotic research.   
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It is known that volatile fatty acids can inhibit growth of species of the family 
Enterobacteriaceae in vitro. However, whether these volatile fatty acids affect 
bacterial populations in the caeca of chickens is unknown. Therefore, a study was 
conducted to investigate if changes in volatile fatty acids in caeca of broiler 
chickens during growth affect bacterial populations. Results showed that 
members of the Enterobacteriaceae and enterococci are present in large numbers 
in 3-day-old broilers and start to decrease when broilers grow older. Lactobacilli 
are present in large numbers as well in 3-day-old broilers, but they remain stable 
during the growth of broilers. Acetate, butyrate and propionate increase from 
undetectable levels in 1-day-old broilers to high concentrations in 15-day-old 
broilers after which they stabilise. Significant negative correlations could be 
calculated between numbers of Enterobacteriaceae and concentrations of 
undissociated acetate, propionate and butyrate. Furthermore, pure cultures of 
Enterobacteriaceae isolated from the caeca were grown in the presence of volatile 
fatty acids. Growth rates and maximal optical density decreased when these 
strains grew in the presence of increasing volatile fatty acid concentrations. It is 
concluded that volatile fatty acids are responsible for the reduction in numbers of 
Enterobacteriaceae in the caeca of broiler chickens during growth. 
         _______________________________________________________________ 
 
 Broiler chickens in commercial farmhouses in The Netherlands are raised for 
slaughter within 40 days. The microflora in the gastrointestinal tract of broiler 
chickens plays an important role during this period. Therefore, research has focused on 
the development of the microflora in the caeca of chickens during growth under 
laboratory conditions (13, 83, 121). In 0- to 4-day-old broilers, Enterobacteriaceae 
and enterococci are dominant in the caeca (83). Viable counts of these bacteria 
decrease in the caeca when broilers grow older but this decrease seems to be 
dependent on the diet fed to the broilers (13, 121). The cause for this reduction in 
numbers of Enterobacteriaceae and enterococci is not known. Lactobacilli are present 
in large numbers in 2- to 4-day-old broilers and remain stable during the growth of 
broilers (13, 81, 83, 121). From 7 days of age, the obligate anaerobic microflora 
dominate the caeca of broilers (13, 81, 83, 118). One study reports that the dominant 
microflora consists mainly of gram-negative, nonsporing rods (13), while others report 
that these bacteria are gram-positive nonsporing rods (83) or a mixture of these two 
types (118). 
 
 Treatment of 1-day-old broilers with caecal microflora from Salmonella-free 
adult chickens can protect the broilers from infection with Salmonella (100). Research 
in this area showed that significant reduction in Salmonella numbers in broilers’ caeca 
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can be obtained with undefined bacterial mixtures or defined mixtures containing a 
large number of different bacterial species (n = 25 to 35) isolated from the caeca of 
chickens (29, 129). Defined mixtures containing a low number of bacterial species  (n 
= 1 to 3) caused a reduction in Salmonella numbers in the caeca of chickens (108). In 
contrast, others have seen no effect on Salmonella numbers when using defined 
mixtures with low numbers of bacterial species (128, 129). The exact mechanism 
behind reduction in Salmonella numbers by the protective caecal microflora is still 
unknown. Several mechanisms have been suggested: competition for nutrients, 
competition for receptor sites, immunomodulation, production of antimicrobial 
substances, or production of acetate, propionate and butyrate (see reference 25 and 
references therein). Administration of different defined bacterial mixtures to 1-day-old 
broilers showed that the concentration of propionate in 3-day-old broilers correlated 
negatively with Salmonella numbers enumerated in the caeca of 10-day-old broilers 
(94). In the intestines of mice, increasing concentrations of butyrate were related to 
decreasing numbers of Enterobacteriaceae (74). 
 
These studies suggest that volatile fatty acids (in particular acetate, propionate, 
and butyrate) may play a key role in the development of the microflora in the caeca of 
broiler chickens during growth. To our knowledge, correlations between volatile fatty 
acids and the development of the normal microflora have not been determined in 
chicken’s caeca yet. Therefore, the objective of this study was to evaluate the role of 
volatile fatty acids in the establishment of the caecal microflora in broiler chickens 
reared in a commercial farmhouse. Correlations were calculated between caecal 
volatile fatty acid concentrations and numbers of different caecal bacterial groups. 
Furthermore, the effect of these acids on growth of bacterial strains isolated from the 
caeca was studied in vitro to support our correlation data. 
 
MATERIALS AND METHODS 
 
Chickens and management. Two experiments with broiler chickens were 
conducted. In both experiments, broiler chickens were housed in a commercial 
farmhouse in Leusden, The Netherlands. In the first experiment, the flock contained 
15,000 broilers (Ross breed). Three broiler chickens were obtained from this flock on 
days 10, 24, and 38. In the second experiment, the flock contained 17,000 broilers 
(Cobb breed). Three broiler chickens were obtained from this flock on days 1, 3, 5, 8, 
12, 15, 29, and 37. In both experiments, water and feed were given ad libitum. All 
broilers received feed with growth-promoting antibiotics. From day 1 to day 10, feed 
contained nicarbazin (100 mg/kg) and zinc bacitracin (25 mg/kg); from day 11 to day 
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32, feed contained salinomycin (70 mg/kg) and zinc bacitracin (50 mg/kg); and from 
day 33 to day 40, feed contained only zinc bacitracin (50 mg/kg). Broilers were 
euthanised by cervical dislocation after transportation to the laboratory. The 
gastrointestinal tract was isolated, and the content of the caecum was sampled for 
bacteriological and volatile fatty acid analyses. 
 
Bacteriological analysis. Samples for bacteriological analysis were diluted 
with a reduced physiological salt solution (NaCl, 8 g liter-1; cysteine-HCl, 0.5 g liter-1) 
in an anaerobic cabinet (80% N2, 15% CO2, 5% H2). For viable counts of total aerobic 
bacteria, total anaerobic bacteria, lactobacilli, Enterobacteriaceae, enterococci and 
Bacteroides spp., dilutions were spread plated on the appropriate selective agar plates 
and incubated as described by Snel et al. (126). Eubacterium spp. were counted on a 
selective agar medium as described by Terada et al. (137), in which Colombia blood 
agar was used as the base agar. Numbers of CFU are expressed as log CFU per gram. 
At day 37, five colonies from all selective agar plates were randomly selected, and 
after growth in liquid medium, they were confirmed as the specific bacterial group 
growing on the respective selective agar medium (89).  
 
Volatile fatty acid and pH analyses. Approximately 0.4 g of caecal material 
was resuspended in 1.6 ml of sterile milli-Q water. The pH of the samples was 
measured according to a procedure described previous (25), and the same samples 
were stored thereafter at –20oC. Concentrations of acetate, propionate, butyrate and 
lactate were determined by high-performance liquid chromatography (HPLC). After 
thawing, samples were centrifuged (10 min at 18,500 ✕  g) and 12.5 µl of a xylitol-
solution (0.586 M in 1.5 M HCl; internal standard) was added to 700 µl of sample. 
Subsequently, samples were centrifuged again (10 min at 18,500 ✕  g) before analysis 
by HPLC. Twenty microliters of sample was injected into the HPLC with a Spark 
Holland autosampler (Emmen, The Netherlands). The HPLC was equipped with a 
model ERC-7510 refractive index detector (Erma Optical Works, Tokyo, Japan) and 
an organic acid column (30 cm by 6.5 mm) from Chrompack, Inc. (Bridgewater, 
Mass.). The column was operated at room temperature with 0.005 N H2SO4 at 0.6 
ml/min as the eluent. The operating pressure was approximately 95 ✕  105 Pa. 
 
Concentrations of undissociated volatile fatty acids and lactate were calculated 
with the Henderson-Hasselbach equation (pH = pKa + 10log[A-]/[HA]) (where A- is 
dissociated acids and HA is undissociated acids), pH values, total concentration of 
each volatile fatty acid and lactate and the respective pKa of acetic (4.75), propionic 
(4.87), butyric (4.81) and lactic (3.08) acid under standard conditions (151). 
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In vitro assay. Five strains of Enterobacteriaceae, four strains of Enterococcus, 
and one strain of Lactobacillus were randomly isolated from the selective agar plates 
on day 37 (Cobb breed experiment). Acetate, propionate, butyrate and lactate were 
added to brain heart infusion (BHI) broth containing 0.5 g of cysteine-HCl liter-1 with 
the concentrations of volatile fatty acids equal to the concentration measured in the 
caeca of 3-, 5-, 8- and 15-day-old broilers, respectively. The pH of these BHI solutions 
was adjusted with HCl to 5.8 as measured in the caeca of chickens (Cobb breed). 
These four BHI solutions and a control without volatile fatty acids (BHI broth, pH 5.8) 
were inoculated with overnight-cultures (BHI broth, pH 5.8) of the ten strains 
mentioned above and incubated anaerobically at 37oC. For 12 h, growth was 
monitored by measuring the change in optical density at 620 nm (OD). All strains 
were tested in triplicate.  
 
Data analysis. Correlations between Enterobacteriaceae, lactobacilli, 
enterococci, Bacteroides spp., Eubacterium spp. and total and undissociated volatile 
fatty acids were calculated and analysed statistically by Pearson’s correlation with 
SPSS 7.5 software. We made the assumption in this statistical analysis that neither of 
the two variables tested for correlation is dependent on any other variable. 
Furthermore, we used the number of bacteria and the concentrations of volatile fatty 
acids measured in every individual chicken (n = 24) from the in vivo experiment with 
the Cobb breed. 
 
RESULTS 
 
In vivo experiments. The repeatability of the in vivo experiments was tested by 
using two types of chicken breed (Ross and Cobb). Both experiments gave similar 
results for the viable counts of lactobacilli, Enterobacteriaceae, total aerobic count, 
total anaerobic count, enterococci, Bacteroides spp. and Eubacterium spp. (data not 
shown). The concentrations of acetate, butyrate and propionate increased in the same 
manner in both experiments, and only concentrations of propionate differed in the last 
3 weeks of life of the broilers (±17 mM in the Ross breed and ±9 mM in the Cobb 
breed). Since the results from both experiments are very similar, it was decided to 
present only the results from the experiments with the Cobb breed in the rest of this 
chapter. 
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Figure 3.1. Numbers of total anaerobic bacteria (Ο), lactobacilli (), Enterobacteriaceae (), 
enterococci (), total aerobic bacteria (), Bacteroides spp. () and Eubacterium spp. () 
given as log CFU per gram in the caeca of broiler chickens during growth. Results are 
presented as the means of three chickens ± standard deviations. 
 
 
Development of the bacterial flora. The development of the dominant 
microflora in the broilers caeca is presented in Fig. 3.1. In the early life of broilers, 
Enterobacteriaceae, enterococci and lactobacilli were the most important groups of 
bacteria in the caeca. After three days, CFU of Enterobacteriaceae and enterococci 
started to decrease until the broilers were 15 days old. Thereafter, their numbers 
stabilised. Viable counts of Bacteroides spp. and Eubacterium spp. were established 
after 2 weeks at stable levels of 7 and 6 log CFU g-1, respectively. These numbers were 
3 to 4 log CFU g-1 lower than the total anaerobic number. This indicates that these 
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groups were not the most dominant groups of obligate anaerobic bacteria. From day 12 
onwards, total numbers of anaerobically grown bacteria were approximately 1 to 1.5 
log CFU g-1 higher than those of the aerobic bacteria. Microscopic examination of the 
bacteria from colonies from the anaerobically incubated Columbia blood agar showed 
that most of these obligate anaerobes were gram-positive, Y-branched bacteria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Lactate (), acetate (), propionate () and butyrate () concentrations and pH 
() in the caeca of broiler chickens during growth. Results are presented as the means of 
three chickens ± standard deviations. 
 
 
pH, lactate and volatile fatty acids. Caecal pH-values were in the range of 5.5 
to 6.0 during growth of broilers (Fig. 3.2). Acetate could be detected in the caeca of 3-
day-old broilers, and concentrations increased until broilers were 15 days old. From 
this day on, the acetate concentration stabilised at 70 µmol g-1. Propionate and butyrate 
were detected in 12- to 15-day-old broilers, and these concentrations remained stable 
from day 15 onwards (propionate, 8 µmol g-1; butyrate, 24 µmol g-1). Lactate was 
detected during the first 15 days, and thereafter it could not be detected (Fig. 3.2).  
 
Correlations between bacterial numbers and volatile fatty acids. The 
correlations between lactate, acetate, propionate or butyrate and the bacterial numbers 
(log CFU per gram) and their significance (P < 0.05) were calculated (Table 3.1). In 
the caeca, significant negative correlations were observed between numbers of 
Enterobacteriaceae and acetate, as well as the undissociated form of acetate, 
propionate and butyrate. Numbers of enterococci showed only a negative correlation 
with total and undissociated acetate. No significant correlations could be detected 
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between numbers of lactobacilli and volatile fatty acids or among the different 
bacterial groups in the caeca  (data not shown). 
 
Table 3.1. Statistical data for the correlations between bacterial numbers (log CFU per gram) 
and concentrations of lactate or volatile fatty acids in the caeca of broilers. 
 
Statistical correlation fora:  
 
Enterobacteriaceae 
 
Enterococci  
Volatile fatty acid 
concentration 
(µmol g-1) 
Lactobacilli 
(P) 
 P R  P R  
Total          
Lactate NS  NS   NS   
Acetate NS  < 0.05 -0.593  < 0.05 -0.765  
Propionate NS  NS   NS   
Butyrate NS  NS   NS   
        
 
Undissociated          
Lactate NS  NS   NS   
Acetate NS  < 0.05 -0.712  < 0.05 -0.610  
Propionate NS  < 0.05 -0.609  NS   
Butyrate NS  < 0.05 -0.656  NS   
a
 Results are presented as P values of < 0.05 (significant) or > 0.05 (NS, not significant) and R values for the 
significant correlations. 
 
 
In vitro studies. The correlations may suggest an effect of volatile fatty acids 
on the development of the microflora. To study this effect in more detail, we used an 
in vitro test system. Therefore, Enterobacteriaceae, enterococci and a Lactobacillus 
strain were grown in the presence of volatile fatty acid concentrations, as determined 
at specific days, in caeca of broiler chickens (Fig. 3.3). These in vitro experiments 
show that strains of Enterobacteriaceae isolated from the chicken’s caeca are more 
susceptible to volatile fatty acids than enterococci or lactobacilli. For 
Enterobacteriaceae, increasing concentrations of volatile fatty acids caused a gradual 
decrease in the maximal specific growth rate (µmax) and the OD after 12 h of growth 
(Fig. 3.3 and Table 3.2).  Enterococcal strains were also affected by the volatile fatty 
acids, but this is mainly related to µmax, whereas the ODs after 12 h of growth were 
similar for all incubations. However, there was a reduction in OD after 12 h of growth 
in the presence of volatile fatty acids compared to control BHI broth. Furthermore, the 
relative decrease in µmax was less for enterococci than for Enterobacteriaceae (Table 
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3.2). Growth of the Lactobacillus strain was not reduced by the addition of volatile 
fatty acids.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Average growth curves of five strains of Enterobacteriaceae (A), four strains of 
Enterococcus (B) and one strain of Lactobacillus (C) in control BHI broth () and BHI broth 
with volatile fatty acid concentrations mimicking the caeca of 3-day-old (), 5-day-old (), 
8-day-old () and 15-day-old (Ο) broilers. Results are presented as means of five different 
strains of Enterobacteriaceae and four different strains of Enterococcus ± standard 
deviations, as well as one strain of Lactobacillus. All strains were tested in triplicate. 
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DISCUSSION 
 
The trends observed for the development of the microbial groups in the caeca of 
broiler chickens during growth in a commercial farmhouse were similar to the 
development observed for broiler chickens reared under laboratory conditions (13, 83). 
In contrast, our study shows that numbers of lactobacilli, Enterobacteriaceae and 
enterococci are higher in the caeca than those in a previous study (13). We observed 
gram-positive, Y-branched bacteria to be the dominant microflora in the caeca of 15- 
to 40-day-old chickens. These observations are in agreement with those of the study of 
Ochi et al. (101), whereas others found gram-negative or gram-positive straight, 
nonsporing rods to be the dominant anaerobes in the caeca of broilers (13, 83, 118). 
The reasons for these differences are unknown, but may be explained by the 
differences in rearing conditions, chicken breed, diet or bacterial enumeration methods 
used in these studies.  
 
Table 3.2.
 Average µmax for strains of Enterobacteriaceae, enterococci and Lactobacillus 
growing in the presence of volatile fatty acids.  
 
Results forb:  
Enterobacteriaceae 
(n = 5) 
 Enterococci 
(n = 4) 
 Lactobacillus 
(n = 1) 
 
 
 
Mediuma 
µmax (h-1) % of 
control 
µmax 
 µmax (h-1) % of 
control 
µmax 
 µmax (h-1) % of 
control 
µmax 
 
Control 0.77 100  0.56 100  0.26 100  
Day 3 0.59 76.6  0.44 80.0  0.32 123  
Day 5 0.34 44.2  0.45 80.4  0.35 135  
Day 8 0.23 29.9  0.37 66.1  0.33 127  
Day 15 0.15 19.5  0.31 55.4  0.33 127  
 
a
 The control is BHI broth (pH 5.8); days 3, 5, 8 and 15 are BHI broth (pH 5.8) with volatile fatty acids added at 
the concentrations measured in the caeca of 3-, 5-, 8- and 15-day-old broilers, respectively. 
b
 All strains were tested in triplicate. 
 
This study shows the presence of high concentrations of acetate, propionate and 
butyrate in the caeca. High concentrations of volatile fatty acids are indicative that 
fermentations by obligate anaerobic bacteria are important (12, 74). This is in 
agreement with the 10- to 50-times-higher number of anaerobic bacteria than aerobic 
bacteria observed in our study. The concentrations of volatile fatty acids in this study 
are similar to results obtained in other studies (12, 25). However, those studies focused 
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on volatile fatty acids alone and not on the microflora. Therefore, correlations were 
calculated between volatile fatty acids and the log CFU of different bacterial groups 
per gram. A significant negative correlation was observed between Enterobacteriaceae 
and acetate and the undissociated form of acetate, propionate and butyrate. We made 
the assumption with our statistical correlation analysis that the two variables used 
(bacterial numbers against concentrations of volatile fatty acids) are independent of 
any other variable. However, the decrease in Enterobacteriaceae can be dependent on 
many other variables (e.g. competition for attachment sites, competition for substrates, 
immunomodulation or production of antimicrobial substances). Similarly, the 
production of acetate is dependent on other variables (e.g. bacterial metabolism). 
Therefore, it remains uncertain whether these significant correlations are influenced by 
other variables and thus if these significant correlations are causal. However, they may 
be an indication that the undissociated form of volatile fatty acids reduced the numbers 
of Enterobacteriaceae in vivo. This hypothesis is supported by a proposed mechanism 
for volatile fatty acid toxicity. That mechanism states that the undissociated form of 
these acids can diffuse freely across the bacterial membrane into the cell. Inside the 
bacterial cell, the acid dissociates, thereby reducing the internal pH, which will cause 
internal cell damage. However, the anion itself may damage the cell as well (15, 18, 
115). 
 
Reports concerning correlations between volatile fatty acids and 
Enterobacteriaceae have mainly focused on the intestines of mice (16, 38, 74, 111). 
Unfortunately, in these reports, some contradictory results have been shown. In some 
of the studies, it was observed that higher concentrations of butyrate (74) or total 
volatile fatty acids (16) are related to reduced numbers of Enterobacteriaceae, but the 
correlations and their significance have not been calculated. Furthermore, pH values 
were not shown and therefore correlations between undissociated volatile fatty acids 
and Enterobacteriaceae cannot be deduced. In contrast, Freter and Abrams (38) did 
not observe any relationship between volatile fatty acids and Enterobacteriaceae in 
mice. The pH values for the caecum of mice in their study ranged from 6.5 to 7.0. At 
these pH values, the concentrations of undissociated volatile fatty acids are very low. 
This could be an explanation for the absence of a correlation between volatile fatty 
acids and Enterobacteriaceae. In our study, pH-values are around 5.5 to 6.0, resulting 
in 10 times as much of the undissociated acid at the same total volatile fatty acid 
concentration. This might very well result in the significant correlations we observed 
in the caeca of chickens, in contrast to what was observed in the caecum of mice. 
 
Further evidence that the significant correlations observed are causal came from 
our in vitro assay. In this assay, the situation in the caecum was mimicked by adding 
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volatile fatty acids to BHI broth at concentrations and a pH value corresponding to the 
pH and concentrations on a specific day of age of the broilers. Under these conditions, 
the OD and the growth rate of five strains of Enterobacteriaceae decreased. This 
strongly suggests that undissociated concentrations of volatile fatty acids are 
responsible for the in vivo reduction in numbers of Enterobacteriaceae in the caeca of 
broilers. Enterococcal strains are less affected by the volatile fatty acids since the OD 
was not affected and the decrease in µmax was not so pronounced as with the strains of 
Enterobacteriaceae. This could be the reason that we found a significant negative 
correlation only between acetate and numbers of enterococci. It should be noted, 
however, that volatile fatty acids are not necessarily the only mechanism behind the 
reduction of Enterobacteriaceae and enterococci. The Lactobacillus strain was not 
affected during growth in BHI broth with volatile fatty acids, which is in agreement 
with the lack of correlations between lactobacilli and concentrations of volatile fatty 
acids in the caeca of broiler chickens.  
 
One of the mechanisms by which the intestinal microflora may reduce 
Enterobacteriaceae (including Salmonella), is the bacteriostatic effect of volatile fatty 
acids in the caeca (25). The data from our study are the first to show that volatile fatty 
acids are one of the mechanisms responsible for the decrease in numbers of 
Enterobacteriaceae in the caeca of broiler chickens during growth. This result is not 
only important for understanding the interactions occurring in the caeca of broiler 
chickens, but can also be useful in studies focusing on reduction of Salmonella 
numbers in the caeca of broiler chickens by using competitive exclusion cultures. 
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The effects of concentrations of volatile fatty acids on an anaerobic, glucose 
limited, and pH-controlled growing culture of Salmonella enteritidis were 
determined. For this purpose, a sequencing fed-batch reactor was used 
mimicking the caecal ecophysiology of broilers. Suddenly increasing volatile fatty 
acids to the concentrations representative of the caeca of 15-day-old broilers had 
a bacteriostatic effect, causing washout of S. enteritidis. In contrast, a sudden 
increase to the volatile fatty acid concentrations representative of the caeca of 
younger broilers caused a reduction in the biomass but not washout of S. 
enteritidis. Subsequently, biomass started to increase again. Gradually increasing 
volatile fatty acids, mimicking build-up of volatile fatty acids in caeca of broilers 
during growth, caused a gradual decrease in the biomass of S. enteritidis. Under 
these conditions, S. enteritidis was unable to recover after volatile fatty acids had 
reached maximal concentrations.  We conclude that the concentrations of volatile 
fatty acids present in the caeca of broilers with a mature microflora can cause 
washout of S. enteritidis in an in vitro system mimicking caecal ecophysiology. 
         _______________________________________________________________ 
 
In recent years, Salmonella enteritidis has become the predominant Salmonella 
causing human salmonellosis in western countries such as the U.S.A. and The 
Netherlands (3, 141). The main reservoirs for human S. enteritidis infections are 
poultry and poultry products (141). Infection of broilers with S. enteritidis is age and 
dose dependent (41, 42, 48). Young broilers are particularly susceptible to Salmonella 
infections (22, 34, 48). 
 
Nurmi and Rantale (100) were the first to suggest that this susceptible period is 
caused by the lack of a maturate microflora in young broilers. They observed that 
treating 1-day-old broilers with a mature caecal microflora from Salmonella-free adult 
chickens protected these broilers from colonisation with Salmonella in the caeca (100). 
The exact mechanism(s) behind reduction of Salmonella numbers by the mature caecal 
microflora is not known. Several mechanisms have been postulated: competition for 
nutrients, competition for receptor sites, immunomodulation, production of 
antimicrobial substances or production of volatile fatty acids, such as acetate, 
propionate and butyrate (see reference 25 and references therein). Still more 
information is needed to evaluate the relative importance of these mechanisms in 
reducing Salmonella numbers in the caeca of chickens. 
 
Young broilers (1 to 14 days old) do not contain anaerobic bacteria as a 
dominant fraction of their caecal microflora (144). Therefore, the concentrations of 
acetate, propionate and butyrate are low in the caeca during the first week of life (12, 
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25, 144). In vivo, it was observed that the increase in concentrations of acetate, 
propionate and butyrate in the caeca is a cause for the decrease in viable counts of 
members of the family Enterobacteriaceae in the caeca of broiler chickens (144). In 
contrast, in vitro tests showed that S. enteritidis was unable to grow in caecal contents 
of 3-, 7-, 10- and 14-day-old broilers (22). Besides, for Salmonella typhimurium, it was 
shown in an in vitro test that the bacterium was inhibited by concentrations of volatile 
fatty acids as measured in the caeca of 3-, 7- and 14- day-old broilers when the pH was 
as low as 5.5. Higher pH levels did not inhibit the growth of S. typhimurium 
completely (12). However, these in vitro studies have not been performed under 
growth conditions as they occur in the caeca of broilers, possibly creating this apparent 
contradiction. 
 
The aim of this study is to determine the effects of mixtures of volatile fatty 
acids and lactate on S. enteritidis growing under conditions representative of those in 
the caeca of broilers. For this purpose S. enteritidis was grown anaerobically under 
substrate limitation in a sequencing fed-batch reactor at caecal pH and temperature 
values. Volatile fatty acids and lactate concentrations administered to S. enteritidis 
were similar to concentrations measured in the caeca of broilers at different age (144). 
 
MATERIALS AND METHODS 
 
Bacterial strains and culture conditions.
 Salmonella enteritidis strain CVI-1 
(phage type 4) was originally isolated from chickens (147). S. enteritidis was grown in 
a mineral carbonate-buffered medium. The medium contained per liter milli-Q water: 
0.3 g of NH4Cl, 0.5 g of NaCl, 0.2 g of Na2SO4, 0.4 g of KH2PO4, 0.67 g of Na2HPO4, 
4 g of NaHCO3, 0.5 g of yeast extract, 0.5 g of trypton, 1 ml of Tween 80, 1 mg of 
resazurine, 10 ml of trace element solution (103) and 10 ml of vitamin solution (103). 
Glucose was added from a 3 M filter sterilised stock solution to obtain a final 
concentration of 30 mM. Caecal growth conditions were mimicked in an in vitro 
system, which operated as a sequencing fed-batch reactor. This means that a cycle of 
12 h was repeated continuously in the reactor. During a cycle, the working volume of 
the culture vessel (1.5-liter chemostat) increased in 11 h 53 min from 100 to 500 ml. 
Subsequently, the volume decreased in 7 min to 100 ml. The flow rate of the medium 
was kept constant at 34.4 ml h-1. The headspace of the culture vessel was flushed with 
a nitrogen-carbon dioxide mixture (80% and 20%, respectively) at a flow rate of 4.2 
liters h-1. The pH was kept constant at 5.8 ± 0.1 with 1 N NaOH and 1N HCl, and the 
temperature was maintained at 41oC. The culture vessel was inoculated with 1 ml of an 
overnight-grown culture of S. enteritidis in brain heart infusion broth. Transient states 
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were obtained 24 h after glucose became the substrate-limiting nutrient for S. 
enteritidis (approximately 7 days). 
 
Addition of volatile fatty acids and lactate. After S. enteritidis reached 
transient-state conditions, volatile fatty acids and lactate were administered in two 
ways. First, volatile fatty acids and lactate were administered to the medium and 
culture vessel simultaneously as sodium salts. This caused a sudden increase in 
concentrations of volatile fatty acids and lactate (Table 4.1). These concentrations are 
representative of the caeca of 5-, 8- and 15-day-old broilers (144). Second, volatile 
fatty acids and lactate were added as sodium salts to the medium vessel every 6 h 
during a period of 72 h, resulting in a gradual increase (Fig. 4.1). The concentrations 
of volatile fatty acids and lactate were representative of the caeca of 5-day-old broilers 
after 24 h, of 8-day-old broilers after 48 h, of 15-day-old broilers after 72 h and of 37-
day-old broilers after 96 h (144). In both types of experiments, the culture vessel was 
sampled intensively for 72 h after addition of volatile fatty acids and lactate. 
Thereafter, samples were taken every 24 h just before the volume decreased from 500 
to 100 ml. 
    
Table 4.1. Concentrations of volatile fatty acids and lactate in the culture vessela 
 
Average concentration (mM) Age (days) 
of chickens 
mimicked 
Acetate Lactate Butyrate Propionate 
5 46.7 12.2 0 0 
8 60.3 20.1 4.05 0 
15 66.2 18.4 22.2 6.47 
a
 Average concentration of acetate, lactate, butyrate and propionate as determined in the culture vessel after 
addition of these compounds. The concentrations of these compounds mimicked concentrations in the caeca of 
5-, 8- and 15-day-old broiler chickens (144). 
 
 
Separately, two control situations were studied. The first control was no 
additions to the culture and medium vessel. The second control was addition of NaCl 
to obtain the same change in molarity in the culture and medium vessel as was 
obtained with the highest volatile fatty acids and lactate addition (± 128 mM). In the 
control experiments, samples were taken at specific time intervals during 36 h. All 
samples were stored at –20 oC pending further analyses. 
 
Analytical procedures. The biomass of S. enteritidis was estimated by 
measuring the optical density (OD) at 600 nm and by determining the total amount of 
cell protein (77). Glucose limitation in the culture vessel was determined colorimetric-                    
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Figure 4.1. Gradual increase in acetate, lactate, butyrate and propionate concentrations as 
determined in the culture vessel after addition of these compounds to the medium vessel every 
6 h. This increase mimicked the increase of volatile fatty acids and lactate in the caeca of 1- to 
37-day-old broilers (144). Symbols: , acetate; , lactate; , butyrate; , propionate. 
 
 
ally with a glucose oxidase test (Boehringer Mannheim). The concentrations of 
glucose, volatile fatty acids and lactate were determined by high-performance liquid 
chromatography (HPLC). After the samples were thawed, 990 µl of sample was 
acidified with 10 µl of a 25% HCl solution and subsequently samples were prepared 
and measured by HPLC as previously described (144). 
 
RESULTS 
 
Effect of suddenly increasing volatile fatty acids and lactate.
 OD and total cell 
protein showed similar results (data not shown). Therefore, only OD data are presented 
as a measure for biomass. The control studies showed that the OD of a transient state 
culture decreased after the volume of the culture decreased from 500 to 100 ml (Fig. 
4.2A). This decrease in OD is accompanied with an increase in glucose concentrations 
(Fig. 4.2B). After 3 h the OD started to increase and concomitantly glucose 
concentrations decreased. When glucose could no longer be detected, the OD returned 
to the value it had at a volume of 500 ml. This indicates that for 6 h S. enteritidis did 
not consume all glucose. When the volume decreased from 500 to 100 ml, it could be 
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calculated that the dilution rate changed from 0.07 to 0.34 h-1. Therefore, S. enteritidis 
had to change its growth rate from low to high in 7 min. The glucose concentration 
started to increase immediately after the volume decreased from 500 ml to 100 ml. 
This suggests that S. enteritidis was unable to change its growth rate in such a short 
period of time. S. enteritidis behaved the same in the control without additions as in 
the control with the addition of NaCl (Fig. 4.2). This indicates that the change in 
molarity did not reduce the growth of S. enteritidis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Changes in OD (A) and glucose concentration (B) in the sequencing fed-batch 
reactor. Symbols: control without additions () or with addition of NaCl (128 mM)(). 
 
 
If the concentrations of volatile fatty acid and lactate suddenly increased to the 
concentrations measured in the caeca of 5-day-old broilers, the OD remained more or 
less stable for 24 h (Fig 4.3A). Thereafter, OD decreased until 64 h after which it 
increased again. In contrast, a sudden increase to the concentrations of the caeca of 8-
day-old broilers caused an immediate drop in OD and the OD decreased to values 
lower than those in 5-day-old broilers. After 118 h, the OD started to increase again. 
Suddenly increasing volatile fatty acid and lactate concentrations to the concentrations 
of the caeca of 15-day-old broilers caused an even more dramatic drop in OD. After 36 
0.0
2.0
4.0
6.0
8.0
10.0
-5 0 5 10 15 20 25
B
0.0
0.4
0.8
1.2
1.6
-5 0 5 10 15 20 25
A
G
lu
co
se
 (m
M
) 
O
D
 
Time (hours) 
56  Chapter four 
 
h, the OD stabilised at 0.04 and remained at this value for at least 228 h. During the 
first 24 h after this sudden increase, the OD decreased according to the theoretically 
calculated dilution curve (Fig. 4.4). This indicates that these concentrations of volatile 
fatty acids and lactate had a bacteriostatic effect on S. enteritidis. 
 
The increase in glucose concentrations, after addition of volatile fatty acids and 
lactate as measured in the caeca of 5-day-old broilers, reached 72% of the glucose 
concentration in the medium vessel (Sr) (Fig. 4.3B). This indicates that these 
concentrations of volatile fatty acids and lactate reduced the capacity of S. enteritidis 
to metabolise glucose. After 72 h, glucose concentrations started to decrease again. 
Adding volatile fatty acids and lactate comparable to the concentrations of the caeca of 
8-day-old broilers caused an increase of glucose to 91% of Sr, which was between the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Changes in OD (A) and glucose concentration (B) after addition of different 
concentrations of volatile fatty acids to the sequencing fed-batch reactor. Symbols indicate 
addition of volatile fatty acids mimicking caeca of 5-(), 8-() and 15-day-old (Ο) broilers 
and the gradual increase of volatile fatty acids as depicted in Fig. 4.1 (). 
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values for the two other treatments (day 5 and 15). After 120 h, the residual glucose 
concentration started to decrease again. The increase in glucose concentrations was 
biggest (100% of Sr) after a sudden increase to the concentrations of the caeca of 15-
day-old broilers. The glucose concentration remained at this level for at least 228 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Changes in OD for the first 24 hours after addition of volatile fatty acids as 
measured in the caeca of 15-day old broilers (Ο). Dashed line: theoretically calculated 
dilution curve. 
 
 
Effect of gradually increasing volatile fatty acids. From the previous 
experiments, it is clear that S. enteritidis could adapt to day 5 or day 8 concentrations. 
Therefore, it was studied whether Salmonella was able to adapt to volatile fatty acids 
and lactate when they increase gradually over time. The gradual increase in 
concentrations of volatile fatty acids and lactate in the culture vessel caused a gradual 
reduction of the OD of S. enteritidis without any significant adaptations (Fig. 4.3A). 
After 96 h (representing caecal conditions of 37-day-old chickens), OD had decreased 
to 0.028 and remained at this value for at least 336 h. 
 
Glucose concentrations increased gradually after gradually increasing 
concentrations of volatile fatty acids and lactate in the culture vessel (Fig. 4.3B). 
Glucose concentrations increased to 24 % of Sr after 24 h, to 77 % of Sr after 48 h and 
to 94 % of Sr after 72 h. After 96 h, glucose reached a concentration of 100% of Sr and 
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remained at this value for 336 h. Again this indicates that glucose consumption by S. 
enteritidis could not be detected. 
 
DISCUSSION 
 
The caeca in chickens are filled continuously with material from the ileum and 
empty every 12 to 24 h (20). Bacteria (including Salmonella) present in the caeca 
encounter fluctuating growth rates since the growth rate is determined by the dilution 
rate (=flow rate/volume). To mimic these conditions, we performed our experiments in 
a sequencing fed-batch reactor, which was continuously filled with medium and 
emptied every 12 h. In this way, S. enteritidis encounters similar changes in growth 
rates during these 12 h as in the caeca of broiler chickens. The pH and temperature 
were controlled and the system operated under anoxic conditions. These conditions are 
similar to the caeca as well (12, 83, 144).  
 
In this in vitro model we showed that biomass of S. enteritidis decreased 
dramatically when concentrations of volatile fatty acids and lactate representative of 
the caeca of older broilers were applied. In contrast, concentrations representative of 
the caeca of young broilers did not show this dramatic decrease. These results are in 
apparent contradiction with other studies (12, 22, 80). However, those studies were not 
performed under caecal growth conditions but in batch-cultures. Barnes et al. (12) 
tested the effect of 3 different mixtures of volatile fatty acids in VL-broth on S. 
typhimurium. In contrast to our findings, they found that day 8 concentrations showed 
a bacteriostatic effect on S. typhimurium whereas day 15 concentrations still showed 
growth of S. typhimurium. Unfortunately, their experiments were performed at 
different pH values. Treatments with low concentrations of volatile fatty acids (day 5 
and day 8 concentrations) were done at low pH (5.7) whereas the high concentrations 
of volatile fatty acids (day 15 concentrations) were studied at a higher pH (6.0). The 
mechanism by which volatile fatty acids inhibit the growth of Salmonella is related to 
the undissociated form of the volatile fatty acid (15, 18). Therefore, the pH plays an 
important role in this and can explain the difference between their study and ours. 
Other important differences between our study and theirs are the growth conditions. 
We applied volatile fatty acids and lactate to Salmonella adapted to substrate 
limitation. In contrast, they added Salmonella in stationary phase to broth with volatile 
fatty acids and excess of substrate (12). These differences can explain the more clear 
results (i.e. a bigger reduction in biomass of Salmonella) in our study compared to 
theirs (12, 22, 80). 
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We compared the results from our in vitro experiments with observations made 
in in vivo studies (34, 48, 116, 144). In very young broilers (less than 8 days old), the 
concentrations of volatile fatty acids and lactate are very low in the caeca (144). 
Infecting 1- and 7-day-old broilers with S. enteritidis shows high numbers of 108 and 
107 per g of caecal content, respectively. In contrast, broilers infected at 21 days of age 
show low numbers of 103 per g of caecal content (34). This suggests that there might 
be an association between the low concentrations of volatile fatty acids in the caeca of 
young broilers and the high susceptibility to Salmonella colonisation in the caeca. The 
results from our study show for the first time that S. enteritidis grown under caecal 
growth conditions is very susceptible to a sudden increase in volatile fatty acid 
concentrations as measured in the caeca of broilers older than 14 days. Even though 
other mechanisms proposed can still play some role in reducing the number of 
Salmonella in the caeca of broilers (25), we conclude that the bacteriostatic effect of 
volatile fatty acids is a pivotal mechanism in reducing the susceptibility for 
colonisation by Salmonella as broilers age. 
 
The gradual increase of volatile fatty acids applied to S. enteritidis in our study 
is faster than was observed in caeca of broiler chickens during growth (144). In 
contrast, it was observed in studies with competitive exclusion cultures that 1-day-old 
broiler chickens receiving a mixture of caecal bacterial strains had a very rapid 
increase in concentrations of volatile fatty acids in the caeca (24, 66, 96). It has been 
proposed that this fast but gradual increase might be responsible for the decrease in 
numbers of salmonellae (25). Administration of different defined bacterial mixtures to 
1-day-old broilers showed that caecal propionate concentrations in 3-day-old broilers 
correlated negatively with the numbers of salmonellae in the caeca of 10-day-old 
broilers (94). However, these researchers do not conclude that propionate caused the 
reduction in Salmonella. Propionate may be an indication that the caecal bacterial 
strains applied have become established in the caeca at 3 days of age but that these 
bacteria inhibit Salmonella by other mechanisms (94). Here, we report in an in vitro 
model that a fast gradual increase in concentrations of volatile fatty acids and lactate 
causes very low biomass of S. enteritidis. In contrast, a sudden increase to 
concentrations mimicking those in the caeca of 5-day-old broilers resulted in 
adaptation of S. enteritidis. This could be an indication that the slow gradual increase 
in volatile fatty acids, as observed in caeca of nontreated broilers, does not cause a 
significant reduction in the biomass of S. enteritidis. Therefore, the results of our 
experiments fully support the hypothesis that a rapid gradual increase in volatile fatty 
acids is the most important reason for lower numbers of salmonellae in the caeca of 
broilers treated with competitive exclusion cultures (24, 66, 94, 96). This result is 
important not only for understanding the mechanism(s) behind Salmonella reduction in 
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the caeca of older broilers or broilers treated with competitive exclusion cultures but 
also for selection of caecal bacterial strains in competitive exclusion mixtures. 
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An obligate anaerobic lactate-fermenting bacterium (strain G17) was isolated 
from the caeca of a 31-day-old chicken. Grown at neutral pH, cells were rod-
shaped with tapered ends, showed no motility and no spore formation. Electron 
microscopy showed that cell walls had a Gram-positive structure. Optimum 
temperature for growth was 41oC and optimum pH ranged from 6.4 – 7.3. Strain 
G17 was able to grow on a variety of organic compounds. Most of these 
compounds were converted to acetate, propionate and traces of butyrate and iso-
valerate. G+C-content was 44.6 mol%. Based on 16S rDNA sequence analysis, 
strain G17 was considered to belong to the low-G+C-content Gram-positive 
bacteria of cluster XIV subgroup b and most related to Clostridium propionicum 
(93.5%) and Clostridium neopropionicum (93.5%). Based on its physiological and 
phylogenetic characteristics, it is proposed that strain G17 should be assigned in 
the genus Clostridium as a new species, Clostridium lactatifermentans sp. nov.. 
_______________________________________________________________ 
 
Chickens are animals with hindgut fermentation and therefore lactate can be an 
important substrate for bacteria in the caeca of chickens. This idea is supported by the 
fact that lactate concentrations are low in the caeca of chickens while lactate producing 
bacteria such as lactobacilli and bifidobacteria are present in high numbers (144). In 
other animals with hindgut fermentation it has been shown that lactate is an important 
substrate for fermentation (135). Bacteria mostly associated with intestinal lactate 
fermentation are propionibacteria, Veillonella species and Megasphaera elsdenii (58, 
135). During the investigation of chicken caecal bacteria capable of fermenting lactate, 
we isolated an unknown bacterium, which was designated as strain G17. This strain 
was phylogenetically and phenotypically related to Clostridium propionicum and 
Clostridium neopropionicum. Based on phylogenetic and phenotypic evidence it is 
proposed to classify the bacterium as Clostridium lactatifermentans sp. nov.  
 
Strain G17 was isolated from the caeca of a broiler chicken (31 days of age) 
raised in a commercial farmhouse in Leusden, The Netherlands. Caecal material from 
this broiler chicken was diluted in physiological reduced salt solution (NaCl 8 g l-1; 
cysteine-HCL 0.5 g l-1) under anaerobic conditions. Dilutions were spread-plated on a 
mineral carbonate buffered medium (143) supplemented with 1.5% agar and DL-
lactate (concentration 40 mM). Plates were incubated at 37oC in an anaerobic chamber 
(80% N2, 15% CO2, 5% H2) for 4 days. Several colonies were obtained as pure 
cultures by repeated streaking on the above mentioned agar medium. One strain (G17) 
was studied in more detail. Reference strains of C. propionicum (DSM 1682T) and C. 
neopropionicum (DSM 3847T) were obtained from the German Collection of Micro-
organisms and Cell Cultures (DSMZ, Braunschweig, Germany), and were cultivated 
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according to the protocols from the supplier. For description of cell morphology, strain 
G17 was grown in brain heart infusion (BHI) broth with 0.5 g l-1 cysteine-HCl under 
anaerobic conditions at pH 5.6 and 6.8. Examination was done using a light 
microscope (Zeiss) in phase-contrast mode and with a light microscope (Zeiss) after 
Gram-stain. Exponentially growing cells (at 37oC for 18 h) were Gram-stained (89). 
Gram-type was also determined by the KOH test (112). Transmission electron 
microscopic examination was done as described by Plugge et al. (110). To test for 
sporulation, a 48 h old culture of strain G17 (BHI broth with 0.5 g l-1 cysteine-HCl) 
was put at 70oC or 80oC for 10 min. Subsequently, the heat-treated cultures were 
streaked on BHI agar and incubated at 37oC in an anaerobic chamber for 48 h. Growth 
rates were determined by measuring the increase of the optical density (OD) in time at 
600 nm with a spectrophotometer (Pharmacia). BHI broth with 0.5 g l-1 cysteine-HCl 
was adjusted with 1 M HCl or 1 M NaOH to 14 different pH levels ranging from 5.2 to 
8.6 in duplicate. Growth rates were determined for 9 different temperatures ranging 
from 25oC to 49oC in duplicate. The temperature range for growth was determined at 
pH 7.0 in the same medium as described for the pH levels. Broths were inoculated 
with an overnight-grown culture of strain G17 (BHI broth pH 7.0 at 37oC) and 
incubated anaerobic for up to 4 weeks. 
 
All biochemical tests were performed with strain G17 and C. propionicum and 
C. neopropionicum in duplicate. Substrate utilisation was determined in mineral 
carbonate buffered medium at 37oC at an initial pH of 7.0 (143). Substrates tested were 
glucose, xylose, pyruvate, DL-lactate, succinate, acrylate, L-alanine, L-cysteine, L-
serine, L-threonine and ethanol for the two clostridial species and strain G17. 
Additionally, growth of strain G17 was tested with cellobiose, melibiose, raffinose, 
arabinose, lactose, starch, sorbitol, L-valine, L-leucine, L-isoleucine, L-proline, L-
lysine, L-aspartate, L-arginine and glycine.  All substrates were tested at a 
concentration of 30 mM except for acrylate and ethanol, which were tested at 30 and 
15 mM. Furthermore API-20A tests (Biomerieux) were used for substrate utilisation of 
16 sugars, gelatine hydrolysis, indole production, esculin hydrolysis and urea 
hydrolysis. Catalase was tested on cells grown on BHI agar for 24 and 48 h. 
Fermentation products were analysed with high-performance liquid chromatography 
(144). 
 
For SDS-PAGE analysis of whole-cell proteins, strain G17 and both reference 
strains were grown in BHI with 0.5 g l-1 cysteine-HCl for 24 h. Cells were harvested 
by centrifugation (6,000 ✕  g, 15 min), washed and pellets were resuspended in 1 ml 
physiological salt solution. Samples were diluted in denaturing loading buffer and 
boiled for 10 min. SDS-polyacrylamide running gels with 12% acrylamide and 4.5% 
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arcylamide stacking gels were run in a Bio-Rad Mini Protean II system at 20 mA for 2 
h. 20 µl of each protein samples was loaded into each lane. Low range molecular-
weight markers for SDS-PAGE were obtained from Bio-Rad. The gels were stained 
overnight with 0.5% Coomassie brilliant blue R250 in ethanol/deionized water-acetic 
acid (4.5:4.5:1, by vol.) and destained for 3 hours in ethanol/deionized water/acetic 
acid (4.5:4.5:1). The G+C-content of the DNA was determined using HPLC (76, 84). 
The 16S rRNA gene of strain G17 was amplified by PCR (corresponding to positions 
8-1510 of the Escherichia coli 16S rRNA gene). Both strands were directly sequenced 
using a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems) and an 
automatic DNA sequencer (Applied Biosystems; model ABI prism 310). The obtained 
sequence (1497 bp) was aligned using the ARB software package (136) and manually 
checked using the secondary structure. Obscurities in the alignment were checked for 
reading errors in the original sequence. BLAST homology searches were done using 
the GenBank and EMBL databases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Photomicrographs of Gram-stained cells of strain G17 grown in Brain Heart 
Infusion (BHI) broth at pH 6.8 (A) and pH 5.6 (B); bar, 10 µm. (C) Electron micrograph of 
thin-sections of strain G17 showing the single-layered structure of the cell wall; bar, 200 nm.
C 
A B 
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Results of these searches were compared with the closest relatives found using the 
ARB software package. The ARB software package was used for phylogenetic 
analysis as well. Least-squares distance matrix analysis based on evolutionary 
distances was performed using the correction of Felsenstein. A neighbor-joining tree 
was constructed with the closest relatives. 
 
Agar plates, with lactate as sole carbon source, inoculated with 106 dilution of 
caecal material, showed separate colonies from which several were obtained as pure 
cultures. One of these cultures was designated strain G17 and studied further. Cells of 
strain G17 growing at pH 6.8 and 37oC were rod-shaped with tapered ends. Size was 
2.8-10 µm by 1.1 – 1.3 µm, and cells occurred singly, in pairs and in chains (Fig. 
5.1A). Cells elongated when growing at low pH (5.8) (Fig. 5.1B). Spores were never 
observed using phase contrast microscopy, and no growth occurred after cultures were 
heat treated for 10 min at 70 or 80oC. Cells stained Gram-negative but the KOH 
reaction was always negative (i.e. characteristic of Gram-positive cells). The cell wall 
ultrastructure resembled that of Gram-positive bacteria (Fig. 5.1C). Growth of strain 
G17 occurred under anaerobic conditions. No growth was observed under aerobic or 
micro-aerophilic (3-5% O2) conditions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Dendogram based on 16S rDNA sequences showing the phylogenetic position of 
strain G17 among representatives of the genus Clostridium, using the neighbour-joining 
method for calculation. Bacillus subtilis was used as the outgroup for the phylogenetic tree. 
Bar, 0.1 (evolutionary distance). All strains of Clostridium belonging to the low-G+C-content 
Gram-positive bacteria of cluster XIV subgroup b are shown with the GenBank accession 
numbers between brackets. 
 
 
The G+C-content of strain G17 was 44.6%. The nucleotide sequence (1497 bp) 
of the 16S rRNA gene was sequenced and revealed that strain G17 was 
phylogenetically most closely related to the low-G+C-content Gram-positive bacteria 
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of cluster XIV subgroup b (21). This subgroup contains six different species with three 
different sublines, which probably represent distinct genera (21). Sequence analysis 
showed that the most closely related bacterial species to strain G17 are C. propionicum 
(93.5 % sequence similarity) and C. neopropionicum (93.5 %). A phylogenetic tree 
showing the relationship of strain G17 to other species in cluster XIV of clostridia is 
shown in Fig. 5.2. The total soluble cell proteins were separated with gel 
electrophoresis. The protein profiles of strain G17, C. propionicum and C. 
neopropionicum have distinguishable differences (Fig. 5.3). 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. SDS-PAGE of whole-cell proteins of strain G17 and the closely related 
Clostridium propionicum and Clostridium neopropionicum. Lanes: 1, low range protein 
standard; 2, strain G17; 3, C. propionicum; 4, C. neopropionicum. 
 
 
Strain G17 is a strict anaerobic and chemo-organotrophic bacterium. Growth 
occurred between pH 5.6 and 8.3 with an optimum growth between pH 6.4 and 7.3. 
The optimal temperature for growth was 41oC, and growth occurred between 30oC and 
47oC. This is different for the phylogenetically and phenotypically related C. 
propionicum and C. neopropionicum, which have an optimum temperature of 30oC 
and can grow up to 40oC (17, 138). pH optimum for strain G17 was comparable to the 
related clostridia but strain G17 was also able to grow at pH 5.6 whereas C. 
propionicum did not grow under a pH value of 5.8 and C. neopropionicum under pH 
6.1 (17, 138). This indicates that strain G17 might have become adapted to the caeca 
of chickens, where the temperature is 41oC and the pH ranges from 5.6-6.5 (144). In 
97.4 
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contrast, the two related clostridia are not associated with the intestine of animals but 
have been isolated from marine sediments or from a mesophilic industrial anaerobic 
digester treating vegetable cannery wastewater, respectively (17, 70, 138). 
 
Table 5.1. Characteristic differences between strain G17, C. propionicum and C. 
neopropioncicum. Data from Cardon & Barker (17), Tholozan et al. (138) and this study.  
 
Characteristic Strain G17 Clostridium 
propionicum 
Clostridium 
neopropionicum 
Substrate utilisation:    
Glucose +a - - 
Xylose + - - 
Ethanol (30 mM) - + + 
Ethanol (15 mM) - + + 
Acrylate (30 mM) - + - 
Acrylate (15 mM) - + + 
API 20 A – GLU + - + 
                 - XYL + - - 
Motility - + Slightly 
Shape Rods singly or 
chains 
Rods singly or 
chains 
Rods in pairs 
Gram-stain - +/- - 
Gram (KOH) + + + 
Spore formation - + + 
Temperature (oC):    
Optimum  41 30 30 
Range 30-47 28-37 15-40 
pH range 5.6-8.5 5.8-8.6 6.1-8.2 
Habitat Caeca chicken Black mud  Industrial anaerobic 
digester 
G+C-content 44.6% 36.0% 34.5% 
a+, positive; -, negative; +/-, variable. 
 
 
Glucose, xylose, DL-lactate, pyruvate, L-alanine, L-cysteine, L-serine and L-
threonine were fermented by strain G17. Slow and moderate growth was observed 
with L-valine, L-leucine, L-isoleucine and L-aspartate. Cellobiose, melibiose, 
raffinose, lactose, arabinose, starch, sorbitol, succinate, ethanol (15 and 30 mM), 
acrylate (15 and 30 mM), L-proline, L-lysine, L-arginine and glycine were not utilised. 
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Strain G17 converted the utilised substrates mainly into high concentrations of acetate, 
propionate and trace-amounts of butyrate and iso-valerate except for L-threonine. L-
threonine was fermented to high concentrations of propionate and butyrate with trace-
amounts of acetate and iso-valerate. The capability to ferment lactate can be an 
important characteristic for strain G17. Lactate is probably produced in high 
concentrations in the caeca of chickens since lactate producing bacteria are present in 
high numbers in the caeca (144). Since strain G17 was among the dominant bacteria 
isolated on lactate as the sole carbon/energy source, it can be assumed that this strain is 
important for the fermentation of lactate in the caeca of broiler chickens. This is 
confirmed by the observation that if strain G17 was grown in a medium with mixed 
substrates of lactate and glucose or lactate and xylose, lactate is degraded before the 
other component (data not shown). Strain G17 differed from the two related clostridia 
in its incapability to ferment ethanol and acrylate (Table 5.1). In previous reports, it 
was shown that C. neopropionicum was unable to use acrylate and only high cell 
densities dismutated acrylate to propionate and acetate (138). This is in accordance to 
our finding that at concentrations above 15 mM of acrylate C. neopropionicum was 
unable to grow. However at concentrations of 15 mM or lower C. neopropionicum can 
grow on acrylate in contrast to strain G17. Strain G17 was capable to use glucose or 
xylose as the sole substrate, whereas C. neopropionicum and C. propionicum could not 
(Table 5.1). According to the literature, C. neopropionicum should be capable of using 
glucose and xylose as a substrate (Tholozan et al., 1992). This difference can be 
related to the use of different media for growth incubations. Under the growth 
conditions used in this study the incapability of C. neopropionicum to use glucose 
differed from strain G17. 
 
Using the API-20A test, only the sugars glucose and xylose gave positive 
reactions for strain G17. Furthermore, gelatine was hydrolysed by strain G17 but 
indole, urease, esculin hydrolysis and catalase reactions were negative. In the API-20A 
test, strain G17 differed from C. propionicum in reducing the pH with glucose and 
xylose as substrate and differed from C. neopropionicum in reducing the pH with 
xylose as substrate.  Other differences observed were the absence of endospores and 
non-motility of strain G17 compared to C. propionicum and C. neopropionicum (Table 
5.1). 
 
On basis of these phenotypic, genotypic and phylogenetic differences, we 
propose that strain G17 should be assigned as a new member of cluster XIV subgroup 
b of the low-G+C-content Gram-positive bacteria (21). 
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Description of Clostridium lactatifermentans sp. nov. 
Clostridium lactatifermentans [lac.ta.ti’fer.men.tans. N.L. n. lactatum lactate; L. n. 
fermentans ferments; lactatifermentans fermenting lactate]. 
 
Rods with tapered ends that are 2.8-10 µm long and 1.1-1.3 µm wide. Strain stains 
Gram-negative but has a Gram-positive type cell wall, non-motile, no spore-formation 
and strictly anaerobic chemo-organoheterotrophic. Utilises glucose, xylose, pyruvate, 
DL-lactate, L-alanine, L-serine, L-cysteine and L-threonine. Produces acetate, 
propionate, butyrate and iso-valerate from lactate and glucose. Slow and moderate 
growth was observed with L-valine, L-leucine, L-isoleucine and L-aspartate as 
substrate. No growth occurs on cellobiose, melibiose, raffinose, sorbitol, lactose, 
arabinose, starch, succinate, ethanol (15 and 30 mM), acrylate (15 and 30 mM), L-
proline, L-lysine, L-arginine and glycine. Gelatine is hydrolysed whereas urease and 
esculin are not. Cells are catalase negative and indole is not produced. Grows 
optimally at 41oC with a temperature range from 30-47oC. The pH range for growth is 
from 5.6 to 8.3 with an optimum ranging from 6.4-7.3. G+C-content is 44.6%. Type 
strain is G17 (= DSM 14214T = LMG 20954T). Isolated from the caeca of a 31-day-old 
broiler chicken. The GenBank accession number for the 16S rDNA sequence of strain 
G17 is AY033434. 
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Competitive exclusion of S. enteritidis by a mixed culture of Lactobacillus 
crispatus and Clostridium lactatifermentans was studied in a sequencing fed-batch 
reactor mimicking caecal ecophysiology of broiler chickens. Growth of S. 
enteritidis was inhibited by a mixed culture of L. crispatus and C. 
lactatifermentans at pH 5.8 but not by a monoculture of L. crispatus at the same 
pH. Moreover, experiments performed at pH 7.0 did not show growth inhibition 
of S. enteritidis. L. crispatus fermented lactose to lactate and C. lactatifermentans 
fermented the lactate to acetate and propionate in a mixed culture of L. crispatus 
and C. lactatifermentans growing on lactose. In contrast, only lactate was 
produced from lactose by a monoculture of L. crispatus. At pH 5.8 considerable 
concentrations of acetate and propionate were present as undissociated acids, 
whereas only a trace amount of undissociated lactate was present at pH 5.8 due to 
the low pKa value of lactate. At pH 7.0 all three acids were present in the 
dissociated form. It is concluded that a mixed culture of L. crispatus and C. 
lactatifermentans inhibits growth of S. enteritidis under caecal growth conditions. 
The undissociated form of acetate and propionate, produced in the mixed culture, 
causes the growth inhibition of S. enteritidis.  
_______________________________________________________________ 
  
Salmonella enteritidis has been reported as an important cause for human 
salmonellosis in western countries, e.g. U.S.A. and The Netherlands (3, 141). Chicken 
and chicken products are the main reservoir for human S. enteritidis infections. Young 
broilers are especially susceptible for Salmonella infections (34, 48), which are 
probably caused by the lack of a protective microflora in their gastrointestinal tract. It 
was observed that 1-day-old broilers, treated with a caecal microflora of Salmonella-
free adult chickens, were protected against colonisation of Salmonella in the caeca 
(100). Since those observations, scientists have tried to develop a defined mixture of 
caecal bacteria that gave the same protective effect (129). Only mixtures containing a 
large number of different caecal bacterial species (n = 25 to 35) showed similar 
protection as undefined caecal cultures (29, 129). In contrast, defined mixtures 
containing a low number of bacterial species (n = 1 to 3) did not cause reduction of 
Salmonella numbers in the caeca of chickens (128, 129) or only a slight reduction 
(108). 
 
The development of defined protective bacterial mixtures has always been done 
empirically because the mechanism behind reduction of Salmonella numbers by the 
protective microflora is unknown. Correlation studies indicated that volatile fatty 
acids, in particular propionate, might be important in the reduction of viable counts of 
Salmonella (94, 155). However, it remains uncertain if there is a causal or coincidental 
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relationship between volatile fatty acids and reduction of Salmonella numbers. 
Recently, we have shown in an in vitro model that volatile fatty acids are indeed 
responsible for the reduction of biomass of S. enteritidis (143). Therefore, attention 
can be directed towards the development of a defined mixture containing a few 
bacterial species, which are capable of increasing volatile fatty acid concentrations in 
the caeca of young chickens. Lactose can play an important role in achieving this goal. 
Lactose added to the feed or water of chickens can reach the caeca (67), because 
chickens only have a trace of lactase activity in their intestinal tissues (122, 123). In 
the caeca, lactose is fermented by the microflora (67). 
 
Therefore, it would be of special interest to select caecal bacteria on their 
capacity to ferment lactose, alone or in a mixed culture, to acetate, propionate or 
butyrate. For the study presented in this paper, two bacteria from the caeca of chickens 
have been isolated. A Lactobacillus crispatus strain which is capable of fermenting 
lactose to lactate and a Clostridium lactatifermentans strain which is capable of 
fermenting lactate to acetate and propionate. Competitive exclusion of S. enteritidis 
was studied when this Salmonella was grown in mixed cultures with L. crispatus and 
C. lactatifermentans. The experiments were performed in a sequencing fed-batch 
reactor, which mimics the caecal ecophysiology of broiler chickens (143). The 
objective was to study the effect of this mixed culture on growth of S. enteritidis. 
Furthermore, the mechanism behind changes in growth of S. enteritidis was 
determined. 
 
MATERIALS AND METHODS 
 
 
Bacterial strains and culture conditions.
 Salmonella enteritidis strain CVI-1 
(phage type 4) was originally isolated from chickens (147). Lactobacillus crispatus 
strain C33 was isolated in our lab from the caecal content of a 28-day-old chicken and 
typed on the basis of its 16S rDNA sequence (1527 bp; 99.8% sequence similarity). 
Clostridium lactatifermentans strain G17 (DSM 14214) was isolated from the caecal 
content of a 31-day-old chicken (146). A mineral carbonate buffered medium as 
described by van der Wielen et al. (143) was used with a slight modification involving 
the addition of 0.75 g yeast extract and 1.5 ml Tween 80 per liter milli-Q water. 
Lactose and arabinose were added from a filter sterilised stock solution to obtain final 
concentrations of 9 mM lactose and 30 mM arabinose. This medium was used for 
overnight cultures as well as in the sequencing fed-batch reactor. Caecal growth 
conditions were mimicked in a sequencing fed-batch reactor, which was described by 
van der Wielen et al. (143). In short, medium was continuously pumped into the 
culture vessel. Once every 12 h the content of the culture vessel was emptied from 500 
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to 100 ml. Furthermore, the culture vessel was kept anaerobic, at a pH of 5.8 and at a 
temperature of 41oC. 
  
Experiments. Five different experiments were conducted in the sequencing 
fed-batch reactor to study the competitive exclusion of S. enteritidis by L. crispatus 
and C. lactatifermentans. In the first experiment, the sequencing fed-batch reactor was 
inoculated with an overnight culture of L. crispatus and C. lactatifermentans. 
Transient states were obtained 24 h after lactose became the substrate-limiting nutrient 
for L. crispatus. Subsequently, after the sequencing fed-batch reactor emptied to 100 
ml, 50 ml of the transient state culture of L. crispatus and C. lactatifermentans was 
replaced with 50 ml of an overnight culture of S. enteritidis. The second experiment 
was quite similar to the first except that S. enteritidis was in transient state with 
arabinose being the substrate-limiting nutrient. 50 ml of the transient state culture of S. 
enteritidis was replaced with 25 ml of an overnight culture of L. crispatus and 25 ml of 
an overnight culture of C. lactatifermentans. In the third experiment, L. crispatus 
grown as a monoculture was in transient state with lactose as the substrate-limiting 
nutrient. As in experiment 1, 50 ml of 100 ml of the transient state culture was 
replaced with 50 ml of an overnight culture of S. enteritidis. The set-up of the fourth 
experiment was the same as the first except that the lactose concentration was doubled 
to 18 mM. The last experiment is also similar to the first except that the pH was kept 
constant at 7.0 ± 0.1 instead of 5.8 ± 0.1. In all experiments, the culture vessel was 
sampled intensively for 72 h. Subsequently, samples were taken every 24 h just before 
the volume decreased from 500 to 100 ml in the sequencing fed batch reactor. In all 
samples optical density at 600 nm (OD) was determined immediately and the 
remainder was stored at –20oC pending further analysis. 
 
Analytical procedures. Biomass of the three strains was estimated as OD and 
by determining total cell protein (77). Lactose, arabinose, lactate, acetate and 
propionate were determined with high-performance liquid chromatography (HPLC). 
After thawing, 997.5 µl of sample was acidified with 2.5 µl of a 25% HCl solution and 
subsequently centrifuged (10 min at 18,500 ✕  g). 70 µl of a crotonic acid solution (0.5 
M; internal standard) was added to 630 µl of supernatant and samples were 
subsequently measured by HPLC as described previously (144). 
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Figure 6.1. A+B. Changes in arabinose concentrations in the sequencing fed-batch reactor. 
Symbols: , addition of S. enteritidis at t=0 to a transient state culture of L. crispatus and C. 
lactatifermentans at pH 5.8 and 9 mM lactose; , at pH 7.0 and 9 mM lactose; , at pH 5.8 
and 18mM lactose; Ο, to a transient state culture of L. crispatus alone; , addition of L. 
crispatus and C. lactatifermentans at t=0 to a transient state culture of S. enteritidis. 
 
 
RESULTS 
 
Each bacterium had its own specific carbon substrate for growth in the 
sequencing fed-batch reactor. L. crispatus used only lactose, S. enteritidis used only 
arabinose and C. lactatifermentans used only lactate (which was produced by L. 
crispatus and/or S. enteritidis). Therefore, interactions between the three different 
bacteria could be monitored by determination of the fate of each specific substrate 
(lactose, arabinose or lactate). OD and protein measurements showed similar results 
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and therefore only OD will be presented as a measure for total biomass of all three 
bacteria. 
 
Growth inhibition of S. enteritidis. The concentration of arabinose did not 
decrease after addition of S. enteritidis to the transient state culture of L. crispatus and 
C. lactatifermentans, suggesting growth inhibition of S. enteritidis (Fig. 6.1A). 
Furthermore, arabinose concentrations increased when L. crispatus and C. 
lactatifermentans were added to a transient state culture of S. enteritidis (Fig. 6.1A). 
This indicates that growth of S. enteritidis was inhibited by L. crispatus and C. 
lactatifermentans. However, in the second case growth inhibition of S. enteritidis was 
not as pronounced. After 36 h, concentrations of arabinose decreased (Fig. 6.1A) with 
a simultaneously increase in OD (Fig. 6.2A). This is an indication that S. enteritidis 
became adapted in this experiment to the new conditions in the mixed culture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. A+B. Changes in optical density at 600 nm (OD) in the sequencing fed-batch 
reactor. Symbols as in Figure 6.1. 
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To study whether L. crispatus and C. lactatifermentans are both necessary for 
the inhibition of S. enteritidis, S. enteritidis was added to a transient state culture of L. 
crispatus alone. Initially, arabinose concentrations decreased and within 24 h 
arabinose became the growth limiting substrate for S. enteritidis (Fig. 6.1A). 
Simultaneously, OD increased (Fig. 6.2A). From 36 to 50 h, arabinose concentrations 
increased but thereafter concentrations decreased back again to 0 (Fig. 6.1A). This 
indicates that initially no growth inhibition of S. enteritidis was observed but that after 
36 h growth of S. enteritidis was temporarily inhibited. Overall it shows that L. 
crispatus as a monoculture was unable to inhibit growth of S. enteritidis considerably. 
 
There was no difference between the consumption of arabinose by S. enteritidis 
when L. crispatus and C. lactatifermentans were in transient state on 9 or 18 mM 
lactose except after 132 h (Fig. 6.1B). At that time arabinose concentrations remained 
high with 18 mM lactose while it decreased slightly with 9 mM of lactose. This slight 
decrease indicates that growth of S. enteritidis was no longer inhibited and that S. 
enteritidis became adapted when L. crispatus and C. lactatifermentans were grown on 
9 mM lactose whereas this was not the case if the two bacteria grew on 18 mM lactose. 
 
Undissociated concentrations of acetate and propionate were thought to play a 
role in the observed growth inhibition of S. enteritidis. Therefore, S. enteritidis was 
added to a mixed culture of L. crispatus and C. lactatifermentans at pH 7.0. At this pH 
level, only trace levels of undissociated acetate and propionate were present in the 
culture vessel. Arabinose concentration decreased rapidly in this experiment at pH 7.0 
(Fig. 6.1B). This decrease was accompanied with an increase in OD (Fig. 6.2B). This 
demonstrates that growth of S. enteritidis was not inhibited at neutral pH by L. 
crispatus and C. lactatifermentans. 
 
Acetate and propionate production. It has been shown in a previous study 
that volatile fatty acids play a pivotal role in growth inhibition of S. enteritidis (143). 
Therefore, in the present study, the concentrations of volatile fatty acids and lactate 
were determined in the sequencing fed-batch reactor. It was observed that L. crispatus 
produced lactate from lactose, S. enteritidis lactate and acetate from arabinose and C. 
lactatifermentans acetate and propionate from lactate. 
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Figure 6.3. A+B. Changes in propionate concentrations in the sequencing fed-batch reactor. 
Symbols as in Figure 6.1. 
 
 
Propionate concentrations were lower when L. crispatus and C. 
lactatifermentans were added to a transient state culture of S. enteritidis when 
compared to the opposite experiment where S. enteritidis was added to the co-culture 
(Fig. 6.3A). Moreover, an increase in concentration of lactose after 24 h was observed 
(data not shown). This indicates some growth inhibition of L. crispatus and C. 
lactatifermentans on lactose and hence some reduced production of propionate and 
acetate. However, acetate concentrations were similar in these two experiments (Fig. 
6.4A). Apparently, the lower production of acetate by C. lactatifermentans was 
diminished by acetate production of S. enteritidis. A co-culture of L. crispatus and S. 
enteritidis resulted in the production of acetate (Fig. 6.4A) and considerable 
concentrations of lactate (~ 45 mM; data not shown).  
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Figure 6.4. A+B. Changes in acetate concentrations in the sequencing fed-batch reactor. 
Symbols as in Figure 6.1. 
 
 
Propionate and acetate concentrations were the same after addition of S. 
enteritidis to a transient state culture of L. crispatus and C. lactatifermentans growing 
on 9 or 18 mM of lactose. After 24 h, acetate and propionate concentrations produced 
by the mixed culture growing on 18 mM lactose were higher (Fig. 6.3B + 6.4B), which 
is caused by the higher substrate concentration. 
 
Propionate concentration was slightly higher when S. enteritidis was added to a 
transient state culture of L. crispatus and C. lactatifermentans at pH 5.8 than at pH 7.0 
(Fig. 6.3B). At pH 7.0, lactate was not completely degraded, which indicates that 
growth of C. lactatifermentans was inhibited to some extend. This resulted in lower 
production of propionate and acetate by C. lactatifermentans. Still, acetate was 
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produced by S. enteritidis at pH 7.0 resulting in high acetate concentrations (Fig. 
6.4B).     
  
DISCUSSION 
 
 The results from this study show that growth of S. enteritidis in a sequencing 
fed-batch reactor was inhibited by a mixed culture of L. crispatus and C. 
lactatifermentans growing anaerobically on lactose at pH 5.8. Growth of L. crispatus 
alone at pH 5.8 only caused a slight inhibition of growth of S. enteritidis. The 
difference between these two conditions is that growth of L. crispatus alone resulted in 
the production of lactate whereas the co-culture produced mainly acetate and 
propionate. At neutral pH it was noted that no growth inhibition of S. enteritidis 
occurred in the sequencing fed batch reactor. It should be stressed that besides the pH, 
all other conditions in the culture vessel were the same in both experiments. Still, pH 
itself was not responsible for the growth inhibition since initial growth of S. enteritidis 
was not inhibited at pH 5.8 after addition to a transient state culture of L. crispatus. 
Acetate, propionate and lactate can inhibit growth of Escherichia coli and Salmonella 
when they are present as undissociated acids (15, 18, 19, 144). In our experiment at pH 
7.0 only trace amounts of these undissociated acids were present and therefore did not 
affect growth of S. enteritidis at pH 7.0. In contrast, at pH 5.8 considerable 
concentrations of undissociated acetate and propionate were present to inhibit growth 
of S. enteritidis. Due to the low pKa value of lactate only trace amounts of 
undissociated lactate were present when L. crispatus grew without C. 
lactatifermentans at pH 5.8. Therefore, no growth inhibition of S. enteritidis was 
observed after addition of S. enteritidis to a transient state culture of L. crispatus alone. 
In conclusion, at pH 5.8 acetate and propionate produced by C. lactatifermentans 
(growing on lactate produced by L. crispatus) are responsible for the growth inhibition 
of S. enteritidis. 
 
Inhibition of Salmonella typhimurium and S. enteritidis was also observed with 
pure cultures of Veillonella sp. growing on lactate, and Streptococcus sp. growing on 
lactose with an agar overlay method (55, 58, 59). In contrast to our results, Veillonella 
sp. only inhibited Salmonella when it produced high concentrations of propionate (> 
125 mM). Furthermore, a mixed culture of Enterococcus sp. and Veillonella sp., 
fermenting sugars to acetate and propionate at pH 5.0 under batch conditions, did not 
inhibit S. typhimurium (35). These findings are in contrast to our findings that with 
relatively low concentrations of propionate (~ 20 mM) growth of S. enteritidis can be 
inhibited. The most important difference between the experiments described in this 
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paper compared to the other in vitro studies is that this study aimed at determining 
growth inhibition of S. enteritidis under caecal ecophysiological conditions. Caeca in 
chickens are filled continuously with material from the ileum and empty every 12 to 
24 h (20). Furthermore, caecal content is anoxic, remains at a pH of 5.8 (144) and has 
the body temperature of chickens (41 oC). These conditions were mimicked in the 
sequencing fed batch reactor. Previous experiments in this system showed that volatile 
fatty acids representative of the caeca of broilers during growth were responsible for 
reduction of biomass of S. enteritidis (143). Furthermore, that study showed that 
results obtained in the sequencing fed-batch reactor were comparable to observations 
made in vivo. This indicates that the sequencing fed-batch reactor might be a good 
model to study bacterial interactions as they could occur in the caeca of broilers. In 
contrast, other in vitro experiments have not been performed under caecal 
ecophysiological conditions (35, 55, 58, 59). 
 
Results from this study are in agreement with observations made with the use of 
competitive exclusion cultures in vivo. In this study, growth inhibition of S. enteritidis 
was most dramatic when L. crispatus and C. lactatifermentans were established in the 
sequencing fed-batch reactor before addition of S. enteritidis. If competitive exclusion 
cultures were administered to broiler chickens two days before Salmonella, a dramatic 
reduction in numbers of Salmonella was observed. Contrasting, when Salmonella was 
administered to broiler chickens before or within 24 h after the competitive exclusion 
culture, reduction in numbers of Salmonella was less pronounced (65, 69, 156). The 
concentration of propionate produced in the reactor by C. lactatifermentans was 
similar to concentrations that can be determined in the caeca, after broilers were 
treated with competitive exclusion cultures (29, 56, 94). Concentrations of acetate 
produced in the reactor were slightly lower than observed in caecal content of 
competitive exclusion treated birds (56). It has been shown that the effectiveness of the 
competitive exclusion culture in reducing viable counts of Salmonella from the caeca 
of broilers depended upon the production of propionate in the caeca of broilers, two 
days after administration of the mixed cultures (29, 93, 94). However, they conclude 
from their results that propionate does not have to be responsible for this reduction. 
They suggest that the higher production of propionate in the caeca of competitive 
exclusion treated broilers shows that the bacteria applied became established in the 
caeca of treated broilers but that these bacteria can inhibit Salmonella by another 
mechanism. 
 
We have shown for the first time that acetate and propionate produced by two 
caecal bacterial strains grown on lactose inhibited growth of S. enteritidis when these 
three strains grew in a mixed culture under caecal ecophysiological conditions. These 
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results are an important step in developing defined competitive exclusion mixtures 
with a low number of bacterial strains from which the mechanism behind the 
inhibition of Salmonella is known.  
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Lactobacillus crispatus and Clostridium lactatifermentans, both isolated from the 
caeca of chickens, grown together in an in vitro model system are able to ferment 
lactose to acetate and propionate. In this study, the capabilities of these micro-
organisms were studied in vivo. The effect on concentrations of volatile fatty acids 
and lactate together with the development of some bacterial groups in the caeca 
of broiler chickens was studied after oral inoculation with L. crispatus and C. 
lactatifermentans together with dietary lactose. For this purpose, chickens were 
divided in four groups: i) control group, ii) dietary lactose, iii) L. crispatus and C. 
lactatifermentans and iv) dietary lactose together with L. crispatus and C. 
lactatifermentans. In general, concentrations of (undissociated) volatile fatty acids 
in the caeca were not significantly different in broilers receiving both bacteria 
and dietary lactose compared to control broilers. Concentrations of lactate in the 
caeca of 14-day-old broilers treated with any of the three treatments (group ii, iii, 
and iv) were significantly higher (p < 0.05) than in the caeca of control broilers. 
This might indicate that L. crispatus has colonised the caeca thereby fermenting 
lactose to lactate. C. lactatifermentans has probably not colonised the caeca 
sufficiently to ferment this lactate further to acetate and propionate. Numbers of 
Enterobacteriaceae and enterococci in the caeca of broilers receiving both 
bacteria and dietary lactose were not different from control broilers. We 
conclude from these results that under the conditions applied in this study the 
mixture of L. crispatus and C. lactatifermentans with dietary lactose was able to 
increase lactate concentrations but was unable to increase concentrations of 
acetate and propionate in the caeca of broiler chickens. 
_______________________________________________________________ 
 
In recent years, Salmonella enteritidis has become the dominant Salmonella in 
human salmonellosis in western countries (3, 141). The main reservoirs for S. 
enteritidis are poultry and poultry products, in which S. enteritidis has become the 
dominant serotype as well (141). As a result, intervention strategies aimed to reduce 
human salmonellosis have focused on reducing S. enteritidis from poultry flocks. 
 
One such intervention strategy is the use of competitive exclusion cultures. It 
was observed that 1-day-old broilers treated with caecal contents of Salmonella-free 
adult chickens and subsequently infected with Salmonella infantis showed a significant 
reduction of Salmonella counts from the caecal content (100). Further research in this 
area has focused on the development of a defined mixture of bacteria with a similar 
protective effect. It was observed that similar protection could only be obtained when 
mixtures with a high number of bacterial species (n = 25 to 35) were used (29, 129). In 
contrast, defined competitive exclusion mixtures with a low number of bacterial 
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species (n = 1 to 3) did not show protection or a weak protection against Salmonella 
infection in broiler chickens (108, 128, 129). 
 
One of the problems in developing defined mixtures is that the mechanism by 
which competitive exclusion cultures reduce Salmonella is unknown. This makes it 
difficult to decide which bacterial species isolated from the caeca of broiler chickens 
should be selected for competitive exclusion cultures. Recently, it was shown that 
caecal volatile fatty acids are responsible for the reduction of counts of 
Enterobacteriaceae from the caeca of broiler chickens during growth (144). In 
addition, a rapid increase in concentrations of volatile fatty acids, as is observed in the 
caeca during growth of broilers treated with competitive exclusion cultures, could 
inhibit growth of S. enteritidis in a sequencing fed-batch reactor that mimicked caecal 
growth conditions (143). On the basis of these results a competitive exclusion mixture 
was developed containing a Lactobacillus crispatus strain and a newly discovered 
species that was named Clostridium lactatifermentans (146).  Both strains were 
isolated from the caeca of Salmonella-free chickens with a mature caecal microflora. 
In co-culture they ferment lactose to acetate and propionate. It was observed that this 
mixture could inhibit the growth of S. enteritidis in an in vitro caecal model. The 
growth inhibition was caused by the bacteriostatic effect of undissociated acetate and 
propionate (145). 
  
 It is of interest to determine whether this potential competitive exclusion 
mixture can inhibit S. enteritidis in the caeca of broiler chickens as well. In order to 
inhibit S. enteritidis, both bacteria have to colonise the caeca in broiler chickens and 
increase the concentrations of caecal acetate and propionate. Therefore, in this study it 
was investigated whether or not a mixture of L. crispatus and C. lactatifermentans 
given to broilers together with dietary lactose can increase caecal acetate and 
propionate concentrations in broiler chickens. In addition, it was studied if such a 
treatment affects the development of the normal caecal microflora. 
 
MATERIALS AND METHODS 
 
Bacterial strains. Lactobacillus crispatus strain C33 and Clostridium 
lactatifermentans strain G17 were isolated from the caeca of commercially raised 
broiler chickens (145, 146). Both strains were grown in a sequencing fed-batch reactor 
as described by van der Wielen et al. (143) and on a medium with lactose as growth 
substrate (145). Mixed cultures in transient state were used as inocula for broiler 
chickens. 
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Experimental design. 1-day-old broiler chickens (Cobb) were obtained from a 
commercial hatchery and placed in floor pens on new wood shavings litter. The chicks 
had free access to water and a commercial feed without growth promoting antibiotics. 
The broilers were divided randomly into four groups of 40 chicks in each group and 
provided: 1) no L. crispatus and C. lactatifermentans, no lactose (control); 2) no L. 
crispatus and C. lactatifermentans, lactose; 3) L. crispatus and C. lactatifermentans, 
no lactose; 4) L. crispatus and C. lactatifermentans, lactose. The broiler chickens in 
groups 3 and 4 received 1 ml of a transient state mixed culture of L. crispatus (5*107 
CFU ml-1) and C. lactatifermentans (5*108 CFU ml-1) on day of hatch and at 2, 4 and 8 
days of age. Broilers in groups 1 and 2 received 1 ml of a physiological salt solution 
on those days. Chicks in group 2 and 4 received 5% lactose (wt:wt) of the feed ration 
from the day of hatch until the study ended on day 14. On day 3, 7, 10 and 14, ten 
chickens from each group were sacrificed and both caeca were isolated. Caecal content 
was collected aseptically and analysed for bacterial counts, pH, concentrations of 
volatile fatty acids, lactate and lactose. 
 
Bacteriological analysis. Samples for bacteriological analysis were diluted 
with a reduced physiological salt solution (NaCl 8 g l-1; cysteine-HCl 0.5 g l-1). For 
viable counts of lactobacilli, Enterobacteriaceae and enterococci, dilutions were 
spread-plated on the appropriate selective agar plates and incubated as described by 
Snel et al. (126). Numbers of CFU are expressed as log CFU g-1. 
 
Volatile fatty acids, lactate, lactose and pH-analyses. Approximately 0.4 g of 
caecal material was resuspended in 2 ml sterile milli-Q water. pH of the samples was 
measured according to a procedure described previously (25) and the samples were 
stored thereafter at –20oC. After thawing, concentrations of lactose, acetate, 
propionate, butyrate and lactate were determined by high-performance liquid 
chromatography (144). Concentrations of undissociated volatile fatty acids and lactate 
were calculated using the Henderson-Hasselbach equation (pH = pKa + 
10log[A]/[HA]), pH values, total concentration of each volatile fatty acid and lactate 
and the respective pKa of acetic (4.75), propionic (4.87), butyric (4.81) and lactic 
(3.08) acid under standard conditions (151). 
 
Data analyses. Obtained data was statistically analysed to determine 
differences observed between groups. ANOVA using General Linear Models with 
Bonferonni post-hoc testing was used to determine differences between the four 
groups. This analysis was performed on the whole time period (3-day-old to 14-day-
old broilers) as well as on every specific day (3-, 7-, 10- and 14-day-old broilers). All 
statistical procedures were calculated using the SPSS 7.5 software. 
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RESULTS 
 
Volatile fatty acids, lactate and lactose.
 Broilers in the two groups receiving 
lactose in the feed showed significant higher concentrations of lactose at 3 days of age 
compared to broilers receiving control feed (p < 0.05). Thereafter, lactose 
concentrations were similar in the caeca of broilers of all four groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1.
 Concentrations of lactate (A), acetate (B) and butyrate (C) in the caeca of broiler 
chickens. Symbols: , broilers receiving no lactose, no L. crispatus and C. lactatifermentans; 
, no lactose, L. crispatus and C. lactatifermentans; , lactose, no L. crispatus and C. 
lactatifermentans; , lactose, L. crispatus and C. lactatifermentans. 
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Lactate concentrations decreased to ~0 mM in the caeca of chickens in the 
control group (Fig. 7.1). This is comparable with what was observed in the caeca of 
commercially raised broiler chickens without lactose in the feed (144). In contrast, 
chickens of the two groups receiving lactose in the feed showed slightly increased 
concentrations of caecal lactate concentrations (to ~40 mM) during growth. Caecal 
lactate concentrations were significantly lower in broilers of the control group 
compared to the other three groups at day 14 (p < 0.05). 
 
Concentrations of volatile fatty acids increased in the caeca of broilers when 
they grew older (Fig. 7.1). This increase in concentrations was similar as observed in 
caeca of commercially raised broilers (144) except for propionate, which was not 
detected in the caeca of most broilers in this experiment. At 3, 7 and 10 days of age, 
caecal acetate and butyrate concentrations were not significant different between 
broilers from the control group and broilers receiving lactose, C. lactatifermentans and 
L. crispatus. At 14 days of age, butyrate was significant higher in the caeca of control 
broilers compared to broilers receiving lactose and the two bacteria (p < 0.05).  
 
Table 7.1. pH-values in the caeca of broiler chickens treated with lactose, L. crispatus and C. 
lactatifermentans or both. 
 
 Caecal pH 
Group Day 3 Day 7 Day 10 Day 14 
1. Control 6.47 ± 0.51 6.48 ± 0.49 6.44 ± 0.63 6.15 ± 0.42 
2. Lactose 6.25 ± 0.31b 6.37 ± 0.57b 6.04 ± 0.48b 6.11 ± 0.48b 
3. Bacteria 6.40 ± 0.43a 6.64 ± 0.58a 6.77 ± 0.68a 6.48 ± 0.56a 
4. Lactose + Bacteria 6.17 ± 0.34b 6.32 ± 0.53b 6.04 ± 0.65b 5.95 ± 0.51b 
a,b
 significantly different from each other for the whole traject (3-day-old till 14-day-old) with p <0.05. 
 
 
Caecal pH values were significant lower (p < 0.05) in broilers of the two groups 
receiving lactose in the feed compared to broilers receiving only L. crispatus and C. 
lactatifermentans (Table 7.1). The pH values of chickens in the two groups receiving 
dietary lactose were also lower than pH values in the caeca of the control chickens but 
this difference was not significant. These results are in accordance with earlier 
findings that lactose administered to broiler chickens lowers the caecal pH (57, 88, 
95). 
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Undissociated concentrations of lactate were very low (< 0.05 mM) because of 
the low pKa value of lactate. Undissociated concentrations of acetate, butyrate and 
total acids increased as broilers aged (Fig. 7.2). There were no significant differences 
for these values between chickens from the control group and chickens receiving 
lactose, C. lactatifermentans and L. crispatus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Concentrations of undissociated acetate (A), butyrate (B) and total acids (C) in the 
caeca of broiler chickens. Symbols as in Fig. 7.1. 
 
 
Bacterial populations. Viable counts of Enterobacteriaceae and enterococci 
were high in 3-day-old broilers but decreased as broilers aged. Viable counts of 
lactobacilli remained stable during the two-week period (Table 7.2). These results 
have also been observed in previous experiments focusing on the development of the 
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normal microflora in chickens (13, 83, 144). Therefore, it is concluded that these 
selected groups of bacteria showed a normal development during growth of broilers. 
 
Table 7.2. Bacterial populations (log CFU per gram caecal content) in the caeca of broiler 
chickens treated with lactose, L. crispatus and C. lactatifermentans or both. 
 
 Log Enterobacteriaceae per gram caecal content 
Groups Day 3 Day 7 Day 10 Day 14 
1. Control 9.2 ± 0.7 7.9 ± 0.7 7.0 ± 0.8e 7.8 ± 1.0 
2. Lactose 9.6 ± 0.4a 8.6 ± 0.5c 8.4 ± 0.7f 8.2 ± 0.6 
3. Bacteria 8.4 ± 1.4b 8.2 ± 0.5 7.8 ± 0.5 8.1 ± 0.5 
4. Lactose + Bacteria 10.0 ± 0.3a 7.8 ± 0.9d 7.6 ± 1.1 8.2 ± 0.7 
     
 Log Enterococcus per gram caecal content 
Groups Day 3 Day 7 Day 10 Day 14 
1. Control 10.0 ± 0.3 7.9 ± 0.5g 7.2 ± 0.5i 7.5 ± 0.4 
2. Lactose 9.9 ± 0.71 8.5 ± 0.41,h 8.0 ± 0.81,j 7.4 ± 0.71 
3. Bacteria 10.0 ± 0.4 8.2 ± 0.3I 7.5 ± 0.3 7.6 ± 0.6 
4. Lactose + Bacteria 9.7 ± 0.82 7.6 ± 0.52,II 7.3 ± 0.82 7.6 ± 0.72 
     
 Log Lactobacillus per gram caecal content 
Groups Day 3 Day 7 Day 10 Day 14 
1. Control 9.9 ± 0.43 9.7 ± 0.63 8.9 ± 0.53 9.1 ± 0.63 
2. Lactose 9.5 ± 0.93 9.7 ± 0.33 9.4 ± 0.53 9.3 ± 0.43 
3. Bacteria 9.5 ± 0.4 9.5 ± 0.3 9.0 ± 0.3 8.9 ± 0.3 
4. Lactose + Bacteria 8.8 ± 1.04 9.2 ± 0.44 9.0 ± 0.84 8.9 ± 0.94 
1, 2, 3, 4
 significantly different from each other for the whole traject (3-day-old till 14-day-old) with p <0.05.  
a, b, c, d, e, f, g, h, i, j, I, II
 significantly different from each other on that specific day with p < 0.05. 
  
 
Treatment differences did not show a clear significant effect on numbers of 
Enterobacteriaceae (Table 7.2).  At day 3, viable counts of Enterobacteriaceae in the 
caeca of chickens receiving only lactose in the feed were significantly higher than in 
the caeca of chickens receiving L. crispatus and C. lactatifermentans. At day 7, 
chickens receiving only dietary lactose showed a significant higher number of 
Enterobacteriaceae than chickens receiving dietary lactose and L. crispatus and C. 
lactatifermentans. At day 10, chickens receiving only dietary lactose showed a 
significant higher number of Enterobacteriaceae than the control chickens. This 
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indicates that there seems to be a trend that chickens receiving only dietary lactose had 
higher numbers of Enterobacteriaceae in their caeca. In addition, numbers of 
enterococci were significant higher in chickens receiving only lactose in the feed 
compared to chickens receiving dietary lactose, L. crispatus and C. lactatifermentans 
for the whole two-week period (Table 7.2) and compared to control chickens at 7 and 
10 days of age. There were no significant differences for viable counts of 
Enterobacteriaceae and enterococci between control broilers and broilers receiving 
lactose, L. crispatus and C. lactatifermentans. Viable counts of lactobacilli were 
significantly lower in the caeca of chickens treated with lactose, L. crispatus and C. 
lactatifermentans compared to control chickens (Table 7.2). 
 
DISCUSSION 
 
L. crispatus was isolated from a caecum of a 28-day-old chicken where it was 
dominantly present among the lactose fermenting bacteria. C. lactatifermentans was 
isolated from the caecum of another 31-day-old chicken, where this bacterium was 
dominantly present among the lactate fermenting bacteria (146). It was shown in in 
vitro experiments that these two bacteria could grow together on lactose in a 
sequencing fed-batch reactor, which mimicked caecal growth conditions. In this 
system, L. crispatus degraded lactose to lactate and C. lactatifermentans fermented 
lactate to acetate and propionate (145).  Therefore, it was hypothesised that both 
bacteria, administered to chickens together with lactose in the feed, are able to increase 
acetate and propionate concentrations in the caeca. However, results from this study 
showed that acetate concentrations in the caeca did not significantly increase when 
chickens were treated with these two bacteria together with dietary lactose. 
Furthermore, caecal propionate concentrations in these chickens were under the 
detection limit. This indicates that one of the two or both bacteria has/have not become 
established in the caeca in such a way that their metabolic activities account for 
significant production of acetate and propionate. 
 
Especially C. lactatifermentans seems unable to use lactate as a potential 
substrate since concentrations of lactate were around 40 mM in chickens treated with 
L. crispatus, C. lactatifermentans and lactose in the feed. Moreover, it was observed 
that the caeca of 14-day-old broilers receiving only the two bacteria had significant 
higher concentrations of lactate compared to the caeca of control chickens. The 
administered strain of L. crispatus produces only lactate when it ferments substrates 
(data not shown). This is an indication that the strain of L. crispatus might be 
responsible for the higher concentrations of lactate in the caeca of broilers receiving 
only L. crispatus and C. lactatifermentans. Therefore, it is assumable that C. 
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lactatifermentans was unable to establish in sufficient numbers in the caeca of treated 
broilers. 
 
No clear differences could be observed between some selected bacterial groups 
in the caeca of non-treated chickens and chickens receiving lactose, C. 
lactatifermentans and L. crispatus or both. The caeca of chickens treated with dietary 
lactose alone seem to have a slightly higher number of Enterobacteriaceae and 
enterococci compared to other groups. It was observed that the colonies on eosine-
methylene-blue agar (specific for members of the family Enterobacteriaceae) showed 
the specific Escherichia coli colony-type. It is known that enterococci and E. coli can 
use lactose for growth.  Therefore, it is hypothesised that lactose reaching the caeca of 
lactose-treated broilers gives enterococci and E. coli an advantage over other bacteria 
in the caeca. This results in prolonged colonisation of E. coli and enterococci in the 
caeca of broilers treated with lactose alone. Others also found slightly higher numbers 
of E. coli and enterococci in the caeca of 5-day-old lactose fed broilers but no 
statistical analysis was performed in that study (88). It has been suggested that 
provision of lactose in the feed alters caecal microbial conditions resulting in lower 
numbers of Salmonella (27, 56, 105, 106). Although broilers receiving dietary lactose 
might have reduced numbers of Salmonella in their caeca, our study shows that the 
caeca have higher numbers of other potentially harmful bacteria (e.g. E. coli and 
enterococci). This indicates that the change in caecal microbial conditions is not 
necessarily positive in the caeca of lactose treated broilers.  
 
Previously, it has been observed that undissociated concentrations of volatile 
fatty acids are responsible for the decrease in viable counts of Enterobacteriaceae 
(144). Moreover, in an in vitro model mimicking caecal growth conditions, 
undissociated concentrations of acetate and propionate produced by L. crispatus and 
C. lactatifermentans were responsible for the growth inhibition of S. enteritidis (145). 
The objective of the present study was to increase caecal concentrations of acetate and 
propionate by applying lactose together with two bacteria, which in co-culture are 
capable of fermenting lactose to acetate and propionate. However, results showed that 
acetate and propionate concentrations were not significantly increased in the caeca of 
treated broilers. As a consequence, most probably, the viable counts of members of the 
family Enterobacteriaceae were not reduced in these broilers. Apparently in the 
chosen setup, L. crispatus and C. lactatifermentans were unable to increase acetate and 
propionate concentrations in the caeca of broiler chickens probably because C. 
lactatifermentans is not present in high viable numbers. Therefore, the hypothesis that 
higher concentrations of volatile fatty acids in the caeca of broiler chickens, produced 
by L. crispatus and C. lactatifermentans, can reduce the number of Salmonella in the 
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caeca is not rejected. To prove this hypothesis, further research should focus on getting 
high numbers of viable and metabolically active cells of C. lactatifermentans in the 
caeca of broiler chickens. 
  
CHAPTER EIGHT 
 
 
Summary and Concluding Remarks 
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Competitive exclusion 
 
The maturated stable microflora in the gastrointestinal tract of animals plays an 
important role in the protection against colonisation by enteropathogenic bacteria. 
Therefore, it is of profit for the animal that the development to a mature stable 
intestinal microflora is fast. Because broiler chickens lack contact with the mother 
animal, it is believed that the development of the intestinal microflora is delayed. This 
has led to the strategy of inoculating 1-day-old broiler chickens with a maturated 
caecal microflora to protect these chickens against colonisation by Salmonella (100). 
Nowadays, this approach is known as competitive exclusion. A literature review about 
the use of competitive exclusion cultures, defined and undefined, in the protection 
against caecal colonisation by Salmonella is presented in chapter one. Furthermore, 
some mechanisms potentially playing a role in competitive exclusion and knowledge 
about the role of these mechanisms in competitive exclusion are described as well. The 
exact mechanism behind competitive exclusion is still unknown. As a result, the 
development of an effective protective competitive exclusion culture with only a few 
bacterial isolates is difficult and has thus far been unsuccessful. It has been suggested 
that volatile fatty acids play a role in the protection against Salmonella (25). This 
thesis aimed to evaluate the role of volatile fatty acids in competitive exclusion of 
Salmonella enteritidis from the caeca of chickens. Furthermore, a competitive 
exclusion culture of two bacterial isolates was developed and tested for their inhibiting 
activity against S. enteritidis. 
 
Role of volatile fatty acids in reduction of Salmonella 
 
Since it was proposed in literature that volatile fatty acids might play a role in 
the reduction of Salmonella from the caeca, an experiment was conducted to study the 
role of volatile fatty acids in the development of the normal microflora in the caeca of 
commercially raised broiler chickens during growth (chapter three). Special attention 
was hereby given to the role of volatile fatty acids on viable numbers of members of 
the family Enterobacteriaceae since Salmonella belongs to this family. Results 
showed that viable counts of members of the family Enterobacteriaceae were high in 
caeca of 3-day-old broilers. Thereafter, numbers decreased till broilers were 15-day-
old. This decrease was accompanied by an increase in concentrations of volatile fatty 
acids. Significant negative correlations could be calculated between viable counts of 
Enterobacteriaceae and concentrations of undissociated acetate, propionate and 
butyrate. For enterococci, only significant negative correlations were observed with 
concentrations of undissociated acetate, while no significant correlations were 
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observed between lactobacilli and concentrations of undissociated acetate, propionate 
and butyrate. To determine whether the observed significant correlations were causal, 
an in vitro assay was used. Growth of pure cultures of strains of members of the family 
Enterobacteriaceae, enterococcal strains and a Lactobacillus strain isolated from the 
caeca of these chickens was tested in the presence of concentrations of volatile fatty 
acids as measured in the caeca of chickens at different age. For the strains of 
Enterobacteriaceae, growth rates and maximal optical density decreased considerably 
when they were grown in the presence of increasing concentrations of volatile fatty 
acids. For enterococci, only growth rates were affected but the reduction was much 
lower than observed for the strains of Enterobacteriaceae. Growth of the Lactobacillus 
strain was not negatively affected by increasing concentrations of volatile fatty acids. 
It was concluded from this study that concentrations of volatile fatty acids are 
responsible for reduction in viable numbers of members of the family 
Enterobacteriaceae in the caeca of broilers during growth. 
 
 It remains uncertain if the conclusion from chapter three can be extrapolated to 
Salmonella. The dominant members of the family Enterobacteriaceae in the caeca, 
which were affected by volatile fatty acids, do not belong to the serotypes of 
Salmonella but are most probably Escherichia coli. Therefore, it is necessary to study 
the effect of volatile fatty acids, representative for concentrations measured in the 
caeca of broiler chickens at different age, on growth of S. enteritidis. However, it is 
very difficult to study this in vivo due to low numbers of S. enteritidis in the caeca of 
commercially raised broilers and difficulties in selective culturing and counting of S. 
enteritidis. Therefore, an in vitro model was used, which operated as a sequencing fed-
batch reactor. This means that a cycle of 12 hours was repeated continuously in the 
reactor. During a cycle, the working volume of the culture vessel increased in 11 hours 
and 53 minutes from 100 to 500 ml. Subsequently, the volume decreased in 7 minutes 
to 100 ml. The headspace of the culture vessel was kept anaerobic, the pH at 5.8 ± 0.1 
and the temperature at 41oC. This model mimics several important conditions such as 
anaerobiosis, substrate limitation, pH and temperature, as they are present in the caeca 
of broiler chickens.  
 
 In chapter four, the growth of S. enteritidis and the effect of volatile fatty acids 
on the growth of S. enteritidis in the in vitro model are described. An initial reduction 
in growth of S. enteritidis was observed when a mixture of lactate, acetate, propionate 
and butyrate representative for caecal concentrations of 5 and 8 day old broilers was 
added to a transient state culture of S. enteritidis. After a period of time S. enteritidis 
got adapted to the concentrations of volatile fatty acids, resulting in increased biomass. 
In contrast, concentrations of volatile fatty acids representative for the caeca of 15-
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day-old broilers caused wash-out of S. enteritidis for 24 h and optical density (OD) 
values dropped to around zero. Furthermore, S. enteritidis was unable to adapt to these 
concentrations and OD-values remained around zero up to 228 h. This indicates that 
these concentrations of volatile fatty acids had a bacteriostatic effect on S. enteritidis.  
Furthermore, it was studied how growth of S. enteritidis was affected when 
concentrations of volatile fatty acids gradually increase in this in vitro model. This 
gradual increase did not mimic the build-up of volatile fatty acids in the caeca of 
normal broilers but the increase used in this study was comparable to the build-up of 
volatile fatty acids in the caeca of broiler chickens treated with competitive exclusion 
cultures at one day of age (66). During the increase of volatile fatty acids, biomass of 
S. enteritidis decreased to undetectable levels. Again S. enteritidis was unable to adapt 
and biomass remained zero for up to 336 h. Results from this study explain 
observations made in vivo. In broiler chickens, it was observed that young broilers (< 1 
week) are much easier infected with Salmonella than older broilers (3 weeks of age) 
(34). Furthermore, competitive exclusion cultures effective in increasing 
concentrations of volatile fatty acid in the caeca show a good reduction in numbers of 
Salmonella in the caeca. In contrast, cultures unable to increase concentrations of 
volatile fatty acids in the caeca do not show a protective effect against Salmonella 
(94). In light of these previously published results together with the results described 
in chapter three and four it is concluded that volatile fatty acids play a pivotal role in 
the competitive exclusion of S. enteritidis from the caeca of chickens.  
  
Competitive exclusion culture of two bacteria 
 
Four ways to increase concentrations of volatile fatty acids in the caeca of 
broiler chickens are proposed. First, volatile fatty acids can be administered to the 
chickens through the feed or water. However, from literature it is known that volatile 
fatty acids fed to broiler chickens are metabolised by the chicken itself and therefore 
do not reach the lower part of the intestinal tract (64). Second, a prebiotic substrate, 
which can be fermented to volatile fatty acids, is added to the feed of broiler chickens. 
Third, bacteria isolated from the caeca of broiler chickens and which produce volatile 
fatty acids are administered to broiler chickens. Fourth, a combination of the second 
and third strategy is used. From studies with competitive exclusion cultures it is known 
that combining competitive exclusion cultures with a prebiotic substrate enhance the 
inhibition of Salmonella in the caeca of broilers (23, 57, 62). This is probably caused 
by the fact that the bacteria applied have a substrate for growth in the caeca when a 
prebiotic substrate is added as well. This may result in better growth of the competitive 
exclusion bacteria, which in turn could result in an enhanced inhibition against 
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Salmonella. Therefore, it is chosen to use such a combined strategy to increase 
concentrations of volatile fatty acids in young broiler chickens. Lactose is chosen as a 
substrate since chickens have only trace amounts of lactase activity. Therefore, lactose 
added to the feed of broiler chickens reach the caeca where it will be fermented by 
bacteria to volatile fatty acids (67). Furthermore, two bacteria have been isolated from 
the caeca of broiler chickens with a mature caecal microflora. Together, these bacteria 
are capable of fermenting lactose to acetate and propionate. One bacterium, 
Lactobacillus crispatus, ferments lactose to lactate and the other bacterium, 
Clostridium lactatifermentans, ferments lactate to acetate and propionate. C. 
lactatifermentans is a new discovered bacterial species and the characteristics of this 
novel species, compared to phylogenetically and phenotypically related species, are 
described  in chapter five. 
 
 In the sequencing fed-batch reactor, it is studied if L. crispatus and C. 
lactatifermentans can grow together on lactose under caecal growth conditions. More 
important, experiments are conducted to study if these two bacteria are capable to 
inhibit growth of S. enteritidis in this in vitro model (chapter six). Results showed that 
L. crispatus and C. lactatifermentans grew together on lactose, thereby producing 
acetate and propionate. S. enteritidis was unable to grow on lactose, but grew on 
arabinose. The other two bacteria were unable to use arabinose as substrate for growth. 
Therefore, growth of S. enteritidis was determined by following the fermentation of 
arabinose. Arabinose concentrations slightly increased when S. enteritidis was added 
to a transient state culture of L. crispatus and C. lactatifermentans. Furthermore, 
arabinose concentrations increased as well when L. crispatus and C. lactatifermentans 
were added to a transient state culture of S. enteritidis. This indicates that growth of S. 
enteritidis was inhibited by L. crispatus and C. lactatifermentans. In contrast, when S. 
enteritidis was added to a transient state culture of L. crispatus alone, initial growth 
was not inhibited. The difference between growth of L. crispatus alone and growth of 
L. crispatus and C. lactatifermentans are the fermentation acids produced. L. crispatus 
alone ferments lactose to lactate while acetate and propionate are produced in the co-
culture of L. crispatus and C. lactatifermentans. It is known from the Henderson-
Hasselbach equation that concentrations of undissociated lactate are very low at pH 
5.8 while concentrations of undissociated acetate and propionate are much higher. 
Therefore, S. enteritidis might be inhibited by concentrations of undissociated acetate 
and propionate produced by the co-culture. To test this hypothesis, S. enteritidis was 
added to a transient state culture of L. crispatus and C. lactatifermentans grown at pH 
7.0. At this pH level, only trace amounts of undissociated acetate and propionate are 
present in the culture vessel. It was observed that the arabinose concentration 
decreased rapidly and was undetectable within 5 hours showing that growth of S. 
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enteritidis was not inhibited. It is concluded from this study that a mixed culture of L. 
crispatus and C. lactatifermentans inhibits growth of S. enteritidis under caecal growth 
conditions in an in vitro model. The undissociated form of acetate and propionate, 
produced by C. lactatifermentans, is responsible for this growth inhibition. 
 
 The results from chapter six indicate that the co-culture of L. crispatus and C. 
lactatifermentans might be a good competitive exclusion culture to reduce S. 
enteritidis in broiler chickens. However, both bacteria must colonise the caeca of 
broilers in high viable numbers in order to increase acetate and propionate 
concentrations. In chapter seven, it is studied if the oral addition of L. crispatus and 
C. lactatifermentans to broiler chickens, together with lactose added to the feed, 
increases concentrations of acetate and propionate in the caeca of broilers growing 
from 1 to 14 days of age. Furthermore, it is studied if this treatment has an effect on 
some bacterial groups in the caeca. 160 broilers were divided randomly in four groups: 
i) control group, ii) only dietary lactose, iii) only treated with L. crispatus and C. 
lactatifermentans and iv) dietary lactose and treated with L. crispatus and C. 
lactatifermentans. Results showed that concentrations of acetate and propionate as 
well as undissociated concentrations of acetate and propionate were not significantly 
increased in broilers receiving any of the three treatments. However, lactate 
concentrations were significantly higher in 14-day-old broilers receiving any of the 
three treatments compared to broilers from the control group (p < 0.05). This is an 
indication that C. lactatifermentans was not present in high viable numbers, since 
propionate was hardly detected in treated broilers while the substrate for growth 
(lactate) of C. lactatifermentans was present at high concentrations (~ 40 mM). 
Populations of members of the family Enterobacteriaceae and enterococci did not 
show a significant difference between broilers treated with L. crispatus, C. 
lactatifermentans and dietary lactose (fourth group) and broilers from the control 
group. This is not surprising since concentrations of undissociated volatile fatty acids 
play an important role in the reduction of numbers of the family of Enterobacteriaceae 
(see chapter 3). However, it was observed that broilers receiving only dietary lactose 
had significant higher numbers of enterococci at day 7 and 10, and significant higher 
numbers of Enterobacteriaceae at day 10 compared to control broilers (p < 0.05). 
These higher numbers could have been caused by the fact that both enterococci and 
some members of the family of the Enterobacteriaceae can use lactose for growth and 
hence might have a competitive advantage over other caecal bacteria resulting in 
higher numbers of these bacteria. Overall it is concluded from this chapter that L. 
crispatus and C. lactatifermentans, under the conditions applied in this study, are 
unable to increase concentrations of acetate and propionate and therefore do not affect 
the development of the caecal microflora. The inability to increase these volatile fatty 
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acids is probably caused by the fact that C. lactatifermentans does not become 
established in considerable high viable counts in the caeca of treated broilers. 
  
Factors controlling establishment of intestinal bacteria 
 
Although the results from the in vitro experiments showed promising results for 
the use of L. crispatus and C. lactatifermentans as a competitive exclusion culture, the 
results from the in vivo experiments were rather disappointing. The question remaining 
is why was the co-culture of L. crispatus and C. lactatifermentans unable to increase 
concentrations of acetate and propionate. It is shown in chapter seven that 
concentrations of lactate were higher in broilers treated with only the competitive 
exclusion culture. This is an indication that the homofermentative L. crispatus might 
be able to colonise the caecum resulting in higher lactate concentrations. However, 
lactate was not further fermented to acetate and propionate indicating that C. 
lactatifermentans is not able to colonise the caeca in considerable high viable 
numbers. There can be many reasons why C. lactatifermentans is unable to colonise 
the caeca, e.g. the obligate anaerobic conditions C. lactatifermentans required were not 
met during inoculation of the broilers with this strain or are not present in the intestinal 
tract of young broilers, the acidic pH in the stomach or bile salts present in the 
duodenum kills most of the C. lactatifermentans cells, C. lactatifermentans is unable 
to compete successfully with other caecal bacteria present in the caeca of young 
broilers or specific host factors make it impossible for C. lactatifermentans to colonise 
the caeca. 
 
The role of specific host factors and specific factors of each intestinal 
compartment in the development of the dominant intestinal bacterial flora is studied in 
chapter two. A culture-independent 16S rDNA approach, denaturing gradient gel 
electrophoresis (DGGE), was used for this purpose. Banding patterns, which give a 
reflection of the dominant bacterial flora, obtained from samples of crop, duodenum, 
ileum, left and right caecum were compared between commercially raised chickens of 
the same age. Banding patterns of the different intestinal compartments within one 
chicken were compared as well. Results showed that banding patterns between 
chickens of the same age were different from each other, irrespective the age of the 
broilers. This indicates that each chicken had its own specific dominant bacterial flora. 
Banding patterns of samples of different intestinal compartments within one chicken 
showed that each compartment had its own specific dominant bacterial flora as well, 
except for the two caeca which were highly similar. Finally, it was observed that in 4-
day-old broilers crop, duodenum and ileum were highly similar but in older broilers 
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differences between these three compartments were significant. This indicates that 
factors specific for a given intestinal compartment (e.g. pH, bile salts, anaerobiosis) 
are important in the establishment of the dominant bacterial flora for a given 
compartment. However, these factors need time before they influence the development 
of the intestinal bacterial flora. It is concluded that host specific factors play an 
important role in the establishment of the dominant intestinal bacterial flora in each 
chicken. Furthermore, intestinal compartment specific factors play an important role in 
the establishment of the bacterial flora in each intestinal compartment as well.  
  
Future perspectives 
 
Overall it is concluded from this thesis that volatile fatty acids play a pivotal 
role in the reduction of S. enteritidis from the caeca of broiler chickens. Furthermore, 
the developed competitive exclusion culture of L. crispatus and C. lactatifermentans is 
capable of inhibiting growth of S. enteritidis. In order to obtain reduction in broiler 
chickens, colonisation of the caeca by L. crispatus and C. lactatifermentans is an 
absolute prerequisite. Unfortunately this was not accomplished when both strains were 
applied to young broiler chickens, since concentrations of acetate and propionate were 
not increased in treated broilers. 
 
In order to follow the fate of cells of L. crispatus and C. lactatifermentans after 
administration to broilers, it will be an advantage if numbers of L. crispatus and C. 
lactatifermentans can be counted back selectively. One of the ways to accomplish this 
is to develop species-specific 16S rDNA probes, which would make it possible to 
count these two bacterial species back using fluorescence in situ hybridisation. With 
selective counting it is possible to determine if these bacteria can colonise the 
intestinal tract and how bacterial numbers are distributed across the intestinal tract 
after treatment with L. crispatus and C. lactatifermentans. Such results might indicate 
if C. lactatifermentans cells are washed out. If so, further research can focus on what 
intestinal factors (e.g. oxygen, pH, bile salts) might inhibit C. lactatifermentans. 
 
It would be of interest to select other bacteria capable of increasing volatile 
fatty acids by growing on lactose or lactate and which are dominantly present in most 
chickens. This can be achieved by selecting bacterial strains using DGGE. 16S rDNA 
fingerprints of the caeca of different chickens can be compared with 16S rDNA 
patterns of enrichment cultures of the highest dilution showing growth on medium 
with lactose or lactate. Only bacteria showing good growth on lactose or lactate and 
which DGGE-band(s) position occurs in the DGGE-fingerprints of caeca of different 
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chickens should be used in competitive exclusion cultures. These bacteria might have 
the potential to colonise the caeca of most chickens.  
 
Finally, bacteria capable of fermenting lactose or lactate to volatile fatty acids 
can be isolated from caecal content using the sequencing fed-batch reactor. This has 
the advantage that strains enriched in such a way are probably well adapted to growth 
in the caeca of chickens and hence might easier colonise the caecum than bacteria 
isolated under optimal conditions on agar media. The occurrence of these strains in the 
caeca of different chickens can than again be determined using DGGE. 
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Samenvatting 
(voor familie, vrienden en kenissen) 
 
In dit laatste hoofdstuk zal ik proberen om de studies beschreven in dit proefschrift 
met gangbare bewoordingen uit te leggen. Dit om jullie een idee te geven waar ik me 
de afgelopen 4.5 jaar mee heb bezig gehouden en wat mij hierbij gefascineerd heeft.  
 
Competitieve exclusie 
 
Bacteriën zijn organismen die in vrijwel alle ecosystemen (milieu’s) op aarde 
voorkomen. Eén van de ecosystemen die ze hebben gekoloniseerd is het 
maag/darmkanaal van dieren. In dit ecosysteem spelen bacteriën een belangrijke rol 
waar het dier ook voordelen van heeft. Zo kunnen bacteriën bepaalde nutrienten 
vrijmaken die door het dier weer gebruikt kunnen worden. Ook kunnen bacteriën in 
het maag/darmkanaal het dier beschermen tegen de kolonisatie door 
ziekteverwekkende (pathogene) bacteriën. Deze beschermde microflora heeft echter 
wel tijd nodig om zich te ontwikkelen en te vestigen in het jonge dier. Het is daarom 
voor het dier een groot voordeel als deze ontwikkeling naar een volwassen beschermde 
microflora zo snel mogelijk verloopt. In de huidige vleeskuikenindustrie komen de net 
uitgekomen kuikens niet meer in aanraking met het moederdier. Als gevolg komen ze 
ook niet meer in contact komen met de volwassen microflora in de faeces van dit 
moederdier. Hierdoor lijkt de ontwikkeling van de microflora in deze jonge kuikens 
vertraagd te zijn waardoor pathogene bacteriën zoals Salmonella een goede kans 
krijgen om zich te vestigen in dit maag/darmkanaal en dan met name in de twee blinde 
darmen (caeca) van het kuiken. Om dit probleem te omzeilen is er in de jaren ’70 een 
strategie ontwikkeld waarbij aan 1-dag-oude kuikens een volwassen caecale 
microflora wordt gegeven zodat de ontwikkeling van de microflora versneld wordt 
waardoor Salmonella minder kans heeft om zich te vestigen. Deze strategie staat 
bekend als competitieve exclusie.  
 
In hoofdstuk één van dit proefschrift wordt een overzicht gegeven van het 
gebruik van verschillende bacteriecultures voor competitieve exclusie. Het wordt 
duidelijk uit dit overzicht dat er tot nu toe nog geen competitieve exclusie cultuur met 
maar een beperkt aantal soorten is ontwikkeld die dezelfde effectiviteit tegen 
Salmonella heeft als niet gedefinieerde competitieve exclusie cultures. Verder wordt er 
in dit hoofdstuk verteld wat voor mechanismen mogelijk een rol spelen in het 
onderdrukken van Salmonella door competitieve exclusie. Echter het exacte 
mechanisme achter dit fenomeen is niet duidelijk. Hierdoor is het lastig om 
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bacteriesoorten te selecteren die succesvol kunnen zijn in bescherming tegen 
Salmonella. Om een succesvolle competitieve exclusie cultuur te maken met maar 
enkele bacteriesoorten zou er beter bekend moeten zijn welk mechanisme een rol 
speelt bij deze competitieve exclusie van Salmonella. Eén van de mechanismen die 
door andere onderzoekers geopperd is, is dat de giftige werking van vluchtige vetzuren 
(dit zijn bijvoorbeeld azijnzuur, propionzuur en boterzuur) op Salmonella 
verantwoordelijk is voor de competitieve exclusie. Het doel van dit proefschrift is om 
de rol van deze vluchtige vetzuren in de competitieve exclusie van Salmonella 
enteritidis in de caeca van vleeskuikens op te helderen. 
 
De rol van vluchtige vetzuren in reductie van Salmonella 
 
In een eerste studie werd de normale ontwikkeling van de microflora in de 
caeca van vleeskuikens gevolgd (hoofdstuk drie). De vraag die hierbij gesteld werd 
was of vluchtige vetzuren, die geproduceerd worden in de caeca door bacteriën, 
invloed hebben op de ontwikkeling van bepaalde bacteriegroepen. Bijzondere 
aandacht werd hierbij geschonken aan het effect op bacteriën die behoren tot de 
familie van de Enterobacteriaceae. Dit omdat Salmonella ook tot deze familie 
behoort. De resultaten van deze studie toonden aan dat aantallen bacteriën behorende 
tot de Enterobacteriaceae-familie hoog waren in de caeca van 3-dagen-oude kuikens. 
Daarna namen deze aantallen af tot de kuikens 15 dagen oud waren. Tegelijkertijd met 
deze afname nam de concentraties aan vluchtige vetzuren toe in de caeca. Om te 
bepalen of er een verband was tussen deze toenamen aan vluchtige 
vetzuurconcentraties en de afname aan Enterobacteriaceae-aantallen werd er berekend 
of er een statistisch significante negatieve correlatie bestond. Zo’n negatieve correlatie 
werd gevonden tussen Enterobacteriaceae-aantallen en concentraties ongedissocieerd 
azijnzuur, propionzuur en boterzuur. Deze ongedissocieerde vorm is een van de twee 
vormen waarin azijnzuur, propionzuur en boterzuur kunnen voorkomen. Door andere 
onderzoekers is er geopperd dat de ongedissocieerde vorm toxisch zou zijn voor 
bacteriën die behoren tot de familie van de Enterobacteriaceae. Verder werd er voor 
bacteriën die behoren tot de genus Enterococcus een negatieve correlatie gevonden 
met ongedissocieerd azijnzuur terwijl geen correlaties gevonden werden tussen 
aantallen bacteriën behorende tot de genus Lactobacillus en vluchtige vetzuren. Deze 
resultaten geven een goede indicatie dat vluchtige vetzuren verantwoordelijk zouden 
kunnen zijn voor de afname van aantallen Enterobacteriaceae-bacteriën in de caeca 
van vleeskuikens tijdens de groei. Correlaties kunnen echter ook toevallig optreden en 
hoeven niet altijd een oorzakelijk verband weer te geven. Daarom werden er verdere 
laboratoriumstudies uitgevoerd die moesten aantonen of dit verband oorzakelijk of 
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toevallig was. Hiervoor werden er 5 bacteriestammen behorende tot de familie 
Enterobacteriaceae, 5 bacteriestammen behorende tot de genus Enterococcus en 1 
stam behorende tot de genus Lactobacillus geïsoleerd uit de caeca van vleeskuikens. 
Vervolgens werden deze bacteriestammen opgekweekt met verschillende concentraties 
aan vluchtige vetzuren die overeenkwamen met de concentraties gemeten in de caeca 
van kuikens op verschillende leeftijden. De bacteriestammen behorende tot de familie 
van de Enterobacteriaceae groeiden veel langzamer en konden ook veel minder 
biomassa produceren wanneer concentraties aan vluchtige vetzuren toenamen. De 
Enterococcus-stammen groeiden ook langzamer maar produceerde wel evenveel 
biomassa bij toenemende concentraties vluchtige vetzuren. Groei en 
biomassaproductie van de Lactobacillus-stam werd tenslotte niet beïnvloed door 
concentraties aan vluchtige vetzuren. Deze resultaten bevestigen de geobserveerde 
negatieve correlaties en daarom luidt de conclusie van deze studie dat concentraties 
aan vluchtige vetzuren verantwoordelijk zijn voor de reductie van bacterie-aantallen 
behorende tot de familie van de Enterobacteriaceae. 
 
Toch kunnen we nu nog niet concluderen dat vluchtige vetzuren belangrijk zijn 
in de reductie van Salmonella. Dit omdat de hoogste aantallen Enterobacteriaceae in 
de caeca van kuikens geen Salmonella-bacteriën zijn maar andere soorten bacteriën 
zoals bijvoorbeeld Escherichia coli. In een vervolgstudie werd daarom gekeken wat 
het effect van vluchtige vetzuren op de groei van S. enteritidis is. Dit is echter moeilijk 
te bestuderen in de kip zelf omdat de Salmonella-aantallen vrij laag zijn. Hierdoor is 
het vrijwel onmogelijk om S. enteritidis goed te kunnen tellen in de caeca van 
vleeskuikens. Verder kunnen nog een groot aantal andere factoren de groei van 
Salmonella in de caeca beïnvloeden waardoor het moeilijk is om effecten op 
Salmonella in de caeca van kippen te koppelen aan één mechanisme. Om toch de rol 
van vluchtige vetzuren op Salmonella te bestuderen is er een modelsysteem in het 
laboratorium gebouwd wat enkele groei-omstandigheden (groeisnelheid, zuurgraad, 
afwezigheid van zuurstof en temperatuur) van de caeca nabootst. In dit model zouden 
we een goed inzicht kunnen krijgen in de mogelijke effecten van vluchtige vetzuren op 
Salmonella in de caeca. 
 
In hoofdstuk vier beschrijven we de groei van S. enteritidis in dit 
modelsysteem en het effect van vluchtige vetzuren op de groei van S. enteritidis. 
Wanneer melkzuur, azijnzuur, propionzuur en boterzuur toegevoegd werden aan S. 
enteritidis, in concentraties zoals aanwezig in de caeca van 5 en 8  dagen oude 
vleeskuikens, dan  nam de biomassa van S. enteritidis in het begin af. Na een groot 
aantal uren nam de biomassa van S. enteritidis echter weer toe wat aantoont dat S. 
enteritidis gewend raakt aan deze concentraties van vluchtige vetzuren. Hierdoor kan 
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de bacterie weer beter gaan groeien. Nog hogere concentraties aan vluchtige vetzuren 
toegevoegd aan S. enteritidis (vergelijkbaar met concentraties aanwezig in caeca van 
15 dagen oude kuikens) resulteerde in complete remming van de groei waardoor S. 
enteritidis in het systeem werd uitverdund en verwijderd totdat de biomassa ongeveer 
gelijk aan 0 was geworden. Verder raakte S. enteritidis niet gewend aan deze 
concentratie waardoor de biomassa laag bleef gedurende het hele experiment. 
Tenslotte werd er ook een experiment gedaan waarbij de concentraties aan vluchtige 
vetzuren toenamen in het model systeem. Deze situatie is vergelijkbaar met de 
toename van vluchtige vetzuren in de caeca van vleeskuikens die behandeld zijn met 
competitieve exclusie cultures op één dag oud. Gedurende deze toename van vluchtige 
vetzuren nam de biomassa van S. enteritidis af tot ~0. Ook raakte S. enteritidis niet 
gewend aan deze toename van vluchtige vetzuren waardoor de biomassa ~0 bleef tot 
het eind van het experiment. De resultaten van deze studie verklaren de waarnemingen 
die andere onderzoekers hebben gedaan in de caeca van vleeskuikens. Eén van deze 
waarnemingen in vleeskuikens is dat jonge vleeskuikens (jonger dan één week oud) 
veel gemakkelijker te infecteren zijn met Salmonella dan oudere vleeskuikens (drie 
weken oud). Verder is er ook waargenomen dat competitieve exclusie cultures die in 
staat zijn om de concentraties aan vluchtige vetzuren in de caeca te verhogen een 
goede reductie in het aantal Salmonella-bacteriën laat zien. Cultures die niet in staat 
zijn om vluchtige vetzuur concentraties in de caeca te verhogen laten geen reductie in 
het aantal Salmonella-bacteriën zien. De conclusie uit deze resultaten met 
vleeskuikens gecombineerd met de resultaten van de studie in het modelsysteem is dat 
vluchtige vetzuren belangrijk zijn voor de reductie van S. enteritidis in de caeca van 
vleeskuikens. 
 
Competitieve exclusie cultuur van twee bacteriën 
 
 Nu we weten dat vluchtige vetzuren een belangrijke rol speelt in de reductie 
van Salmonella in de caeca van vleeskuikens moet er getracht worden om deze 
concentraties in de caeca te verhogen. Bacteriën die normaal voorkomen in de caeca 
zijn verantwoordelijk voor de productie van vluchtige vetzuren. Echter bijna alle 
bacteriesoorten die voorkomen in de caeca van vleeskuikens produceren vluchtige 
vetzuren. De vraag is dus welke bacteriesoorten er gebruikt kunnen worden om 
concentraties aan vluchtige vetzuren in jonge vleeskuikens te verhogen. Er is daarom 
niet alleen naar de bacteriën gekeken maar ook of deze bacteriën een groeisubstraat in 
de caeca gegeven kan worden. Zo’n groeisubstraat moet, als we deze aan vleeskuikens 
geven, wel in de caeca terecht komen. Uit de literatuur is het bekend dat het suiker 
lactose een substraat is dat niet door het vleeskuiken zelf wordt afgebroken en waarvan 
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een groot gedeelte in de caeca terecht komt (67). Om hier de juiste bacteriën bij te 
geven hebben we een bacteriesoort geïsoleerd uit het caecum van een volwassen kip 
die groeit op lactose en daarbij melkzuur produceert. Vervolgens hebben we een 
andere bacteriesoort geïsoleerd uit het caecum die groeit op melkzuur en daarbij de 
vluchtige vetzuren azijnzuur en propionzuur produceert. De eerste bacteriesoort bleek 
een Lactobacillus crispatus te zijn terwijl de tweede bacteriesoort een nieuw ontdekte 
bacteriesoort bleek te zijn die we Clostridium lactatifermentans hebben genoemd. 
Karakteristieken van deze bacteriesoort en van nauw verwante bacteriesoorten staan 
beschreven in hoofdstuk vijf. We hebben nu dus een strategie ontwikkeld waarbij we 
twee bacteriesoorten met lactose aan vleeskuikens willen gaan geven. De twee 
bacteriesoorten zouden lactose samen moeten omzetten via melkzuur naar vluchtige 
vetzuren welke remmend zouden moeten werken op S. enteritidis. 
 
 Om te testen of de twee bacteriesoorten inderdaad samen lactose kunnen 
omzetten naar azijnzuur en propionzuur en om te testen of dit remmend werkt op S. 
enteritidis werden de drie bacteriën (L. crispatus, C. lactatifermentans en S. 
enteritidis) gekweekt in hetzelfde modelsysteem (welke de groei-omstandigheden in 
de caeca van vleeskuikens nabootst) als beschreven in hoofdstuk vier. De resultaten 
van dit onderzoek staan beschreven in hoofdstuk zes. L. crispatus en C. 
lactatifermentans waren in staat om gezamelijk lactose af te breken tot azijnzuur en 
propionzuur in dit modelsysteem. De groei van S. enteritidis kon gevolgd worden door 
te kijken wat er gebeurde met de afbraak van het suiker arabinose. S. enteritidis was 
namelijk de enige van de drie bacteriesoorten die dit suiker kon afbreken. Wanneer S. 
enteritidis werd toegevoegd aan een goed groeiende cultuur van L. crispatus en C. 
lactatifermentans nam de concentratie van arabinose in het modelsysteem licht toe. 
Hetzelfde gebeurde wanneer L. crispatus en C. lactatifermentans werden toegevoegd 
aan een goedgroeiende cultuur van S. enteritidis. Aangezien S. enteritidis 
verantwoordelijk is voor de afbraak van arabinose kunnen we uit de toename van 
arabinose concluderen dat de groei van S. enteritidis geremd werd door de beide 
andere bacteriesoorten. Wanneer S. enteritidis werd toegevoegd aan een 
goedgroeiende cultuur van L. crispatus alleen (dus zonder C. lactatifermentans) dan 
werd arabinose in eerste instantie gewoon afgebroken wat aantoont dat groei van S. 
enteritidis niet geremd werd door groei van L. crispatus alleen. Aangezien L. crispatus 
geen azijnzuur en propionzuur produceert maar alleen melkzuur is het waarschijnlijk 
dat azijnzuur en propionzuur verantwoordelijk zijn voor de remmende werking op de 
groei van S. enteritidis. Dit is te testen door S. enteritidis toe te voegen aan L. crispatus 
en C. lactatifermentans groeiend bij een hogere zuurgraad. Het is namelijk bekend dat 
S. enteritidis alleen gevoelig is voor vluchtige vetzuren bij een zure zuurgraad (zoals in 
de caeca van vleeskuikens) terwijl bij een neutrale zuurgraad S. enteritidis niet 
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gevoelig is voor azijnzuur en propionzuur. Wanneer S. enteritidis werd toegevoegd 
aan een goedgroeiende cultuur van L. crispatus en C. lactatifermentans bij een 
neutrale zuurgraad werd arabinose razendsnel door S. enteritidis afgebroken en was er 
dus geen remming van de groei. We concluderen dan ook uit deze studie dat de groei 
van L. crispatus en C. lactatifermentans op lactose de groei van S. enteritidis kan 
remmen onder groeicondities zoals die voorkomen in de caeca van vleeskuikens. 
Azijnzuur en propionzuur zijn verantwoordelijk voor deze remming van de groei van 
S. enteritidis. 
 
 Nu we weten dat de combinatie van L. crispatus en C. lactatifermentans 
groeiend op lactose de potentie heeft om S. enteritidis te remmen, moet er getest 
worden of beide bacteriën ook in staat zijn om concentraties van azijnzuur en 
propionzuur te verhogen in de caeca van vleeskuikens. In hoofdstuk zeven is er 
bestudeerd of de orale toediening van beide bacteriën aan vleeskuikens, samen met 
toediening van lactose aan het voer, een effect heeft op concentraties van melkzuur, 
vluchtige vetzuren en enkele bacteriegroepen. 160 vleeskuikens werden verdeeld over 
4 groepen. Hierbij kreeg de eerste groep vleeskuikens geen behandeling (controle 
groep), de tweede groep vleeskuikens kreeg alleen lactose via het voer, de derde groep 
vleeskuikens kregen L. crispatus en C. lactatifermentans oraal toegediend en de vierde 
groep kuikens kregen zowel L. crispatus en C. lactatifermentans oraal toegediend als 
ook lactose via het voer. Resultaten toonden aan dat totale en ongedissocieerde 
concentraties aan azijnzuur, propionzuur en boterzuur niet verhoogd waren in de caeca 
van vleeskuikens die beide bacteriën oraal kregen toegediend en lactose via het voer 
(groep 4). Alleen melkzuur was significant hoger (p < 0.05) in de caeca van 14 dagen 
oude kuikens die 1 van de drie behandeling kregen (groep 2, 3 of 4) vergeleken met de 
controlegroep. C. lactatifermentans groeit op melkzuur waarbij propionzuur gevormd 
wordt. Aangezien in dit experiment de melkzuurconcentratie erg hoog ligt terwijl er 
vrijwel geen propionzuur gevormd is, duidt erop dat C. lactatifermentans niet 
aanwezig is in hoge, actieve aantallen. Aantallen Enterobacteriaceae en enterococcen 
waren niet significant verschillend tussen kuikens behandeld met L. crispatus, C. 
lactatifermentans en lactose toegevoegd aan het voer (groep 4) en de controle groep. 
Dit is niet verbazend omdat vluchtige vetzuren een belangrijke rol spelen in de 
reductie van bacteriën die behoren tot de familie van Enterobacteriaceae (zie 
hoofdstuk 3). Aangezien concentraties aan vluchtige vetzuren niet verschillend zijn 
tussen de verschillende groepen bacteriën, is de kans klein dat er wel een effect zou 
zijn op deze bacteriële groepen. Vleeskuikens die alleen lactose gevoerd kregen 
vertoonden echter wel hogere aantallen Enterobacteriaceae en enterococcen op 
sommige dagen. Dit zou veroorzaakt kunnen worden door het feit dat sommige 
bacteriesoorten die behoren tot de familie van Enterobacteriaceae en enterococcen 
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lactose kunnen gebruiken voor hun groei. Daardoor zouden deze bacteriën een 
competitief voordeel hebben ten opzichte van andere bacteriesoorten aanwezig in de 
caeca van vleeskuikens. In zijn totaliteit is de conclusie van dit experiment dat L. 
crispatus en C. lactatifermentans, onder de condities gebruikt in deze studie, niet in 
staat zijn om concentraties van azijnzuur en propionzuur te verhogen. 
 
Factoren die een rol spelen bij de vestiging van bacteriën 
 
  Ondanks dat de resultaten verkregen in het modelsysteem op het laboratorium 
erg positief waren, vielen de resultaten verkregen in vleeskuikens tegen. De vraag die 
dan ook opkomt is waarom L. crispatus en C. lactatifermentans niet in staat zijn om 
concentraties van azijnzuur en propionzuur te verhogen. In hoofdstuk zeven is wel 
aangetoond dat concentraties van melkzuur verhoogd waren in de kuikens die alleen L. 
crispatus en C. lactatifermentans toegediend hebben gekregen. Dit is een indicatie dat 
L. crispatus de caeca heeft weten te koloniseren aangezien deze bacterie vrijwel alleen 
melkzuur produceert. Dit melkzuur werd echter niet verder omgezet tot azijnzuur en 
propionzuur wat een indicatie is dat C. lactatifermentans niet in staat is om de caeca in 
hoge, actieve aantallen te koloniseren. Er kunnen vele redenen zijn waarom C. 
lactatifermentans niet in staat is om de caeca te koloniseren, b.v. de strict zuurstofloze 
condities die C. lactatifermentans nodig heeft om te overleven waren niet aanwezig 
tijdens het oraal toedienen van deze bacterie of in het eerste gedeelte van het 
maag/darmkanaal van deze vleeskuikens, de zuurgraad in de maag van vleeskuikens is 
te laag waardoor C. lactatifermentans de passage door de maag niet overleeft, C. 
lactatifermentans is niet in staat om succesvol te competeren met andere 
bacteriesoorten in de caeca van kuikens of specifieke gastheerfactoren (dit zijn 
factoren die specifiek zijn voor elk kuiken) maken het onmogelijk voor C. 
lactatifermentans om de caeca te koloniseren. 
 
 De rol van deze specifieke gastheerfactoren op de vestiging van een bacteriële 
flora in het maag/darmkanaal van kuikens is bestudeerd en beschreven in hoofdstuk 
twee. Verder werd er in dit hoofdstuk ook bekeken of specifieke factoren in de 
verschillende delen van het maag/darmkanaal een rol spelen in de vestiging van de 
bacteriële flora. Voor dit doel werd er een methode gebruikt die gebaseerd is op een 
bepaald gen in bacteriën: het 16S rDNA gen. Het voordeel van deze methode is dat de 
ontwikkeling van de bacteriële flora gevolgd kan worden zonder dat er bacteriën 
teruggekweekt hoeven te worden. Elke bacteriesoort bevat het 16S rDNA gen met een 
unieke sequentie. Deze sequenties kunnen gescheiden worden met behulp van DGGE 
op een gel waarbij elke unieke sequentie teruggevonden kan worden als een bandje. 
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Doordat er in het maag/darmkanaal verschillende bacteriesoorten voorkomen, vertoont 
een maag/darmkanaalmonster een patroon van banden op zo’n gel. Deze 
bandenpatronen kunnen vergeleken worden tussen verschillende monsters waardoor de 
bacteriële flora tussen verschillende kippen of tussen verschillende delen van het 
maag/darmkanaal vergeleken kan worden. Resultaten uit deze experimenten toonden 
aan dat elk kuiken een unieke specifieke dominante bacteriële flora heeft in het 
maag/darmkanaal. Zelfs als kuikens uit dezelfde stal, van dezelfde leeftijd en hetzelfde 
voer aten dan was de bacteriële flora in het maag/darmkanaal verschillend tussen de 
verschillende kuikens. Wanneer verschillende delen van het maag/darmkanaal in één 
vleeskuiken werden vergeleken dan werd ook hierbij waargenomen dat elk deel van 
het maag/darmkanaal een specifieke unieke bacteriële flora heeft, behalve de twee 
caeca die vrijwel dezelfde bandenpatronen gaven. Tenslotte werd er ook waargenomen 
dat in 4-dagen-oude kuikens de crop, twaalfvingerige darm en de dunne darm een 
bacteriële flora bevatte die ongeveer hetzelfde was terwijl in oudere kuikens deze 
overeenkomsten veel lager lagen. Dit is een indicatie dat factoren die specifiek zijn 
voor een bepaald deel in het maag/darmkanaal (bv pH, galzuren, anoxische condities) 
belangrijk zijn in de vestiging van de bacteriële flora. Deze factoren hebben echter wel 
tijd nodig voordat ze een rol gaan spelen in de ontwikkeling van de bacteriële flora. Er 
wordt geconcludeerd uit dit hoofdstuk dat gastheerspecifieke factoren een belangrijke 
rol spelen in de vestiging van de bacteriële flora in het maag/darmkanaal van ieder 
kuiken. Ook spelen factoren die aanwezig zijn in elk afzonderlijk deel van het 
maag/darmkanaal een belangrijke rol in de vestiging van de bacteriële flora in elk 
specifiek deel. 
 
 Wat hebben we nu geleerd uit de experimenten beschreven in dit proefschrift? 
Alle resultaten beschreven in dit proefschrift overziend, kunnen we nu concluderen dat 
vluchtige vetzuren een sleutelrol spelen in de remming van S. enteritidis in de caeca 
van vleeskuikens. Verder is de ontwikkelde competitieve exclusie-cultuur van L. 
crispatus en C. lactatifermentans in staat om de groei van S. enteritidis te remmen. 
Tenslotte kan er aan toegevoegd worden om reductie van S. enteritidis te krijgen in de 
caeca van vleeskuikens is kolonisatie van de caeca door beide bacteriën een absolute 
voorwaarde. De vraag die U nu misschien stelt is: is met deze resultaten nu ook het 
Salmonella-probleem in vleeskuikens opgelost? Helaas moet hier een ontkennend 
antwoord op worden gegeven. De resultaten beschreven in dit onderzoek geven geen 
directe toepassing waardoor aantallen Salmonella in vleeskuikens gereduceerd kunnen 
worden. Wel zijn we weer een stapje dichterbij gekomen om dit probleem mogelijk in 
de toekomst op te lossen. De bevinding dat vluchtige vetzuren een sleutelrol spelen in 
de inhibitie van Salmonella is zeker belangrijk en kan in toekomstig onderzoek 
gebruikt worden om een succesvolle competitieve exclusie-cultuur te ontwikkelen. 
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Ook de ontwikkelde competitieve exclusie-cultuur van L. crispatus en C. 
lactatifermentans heeft potentie om in de toekomst gebruikt te worden. Hierbij is 
echter ook verder onderzoek nodig dat zich voornamelijk zal moeten richten op de 
vraag hoe beide bacteriën in hoge actieve aantallen in de caeca van vleeskuikens 
verkregen kan worden. Wanneer dat soort problemen in toekomstig onderzoek 
opgelost kan worden, zal deze competitieve exclusie-cultuur wellicht toepasbaar 
kunnen worden in de vleeskuikenindustrie. 
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Dankwoord 
 
Zo het zit erop. Het laatste stukje vindt nu via het toetsenbord de weg naar het scherm en 
uiteindelijk naar de lezer. Natuurlijk heb ik al het werk beschreven in dit proefschrift niet 
allemaal in mijn ééntje gedaan. Soms leek het misschien wel zo, zeker rond een uurtje of drie 
in de ochtend wanneer het vrij stil was op de VVDO. Gedurende de normale werktijden is er 
echter een hoop steun geweest. Daarom wil ik een aantal mensen bedanken die een grote 
bijdrage aan dit werkje geleverd hebben. 
 
Ten eerste natuurlijk Frans, promotor. Ik heb het je niet altijd even makkelijk gemaakt omdat 
mijn kijk op promoveren en wetenschappelijk onderzoek verrichten misschien wat meer 
biologisch gericht was en niet altijd overeenkwam met de kijk van een veterinair. Blij ben ik 
daarom ook dat je me toch altijd de ruimte en vrijheid hebt geboden om mijn eigen ideeën uit 
te werken volgens mijn ‘biologie’ methode. Ook van die ‘andere’ veterinaire kijk op 
onderzoek heb ik zeker wel een aantal dingen opgepikt. Maar het blijft natuurlijk jammer dat 
je vroeger niet de keuze voor de studie biologie hebt gemaakt. 
Steef, co-promotor, steun en toeverlaat gedurende mijn AIO-tijd. Ik denk dat het ondertussen 
al weer drie jaar geleden is dat ik je vroeg om mijn co-promotor te worden. Gelukkig dat je 
die rol wel op je wou nemen. Voor mij betekende jou hoeveelheid kennis van microbiële 
fysiologie en ecologie heel veel. Dit heeft mijn kwaliteiten als onderzoeker als mede de 
kwaliteit van dit boekje zeker verhoogt. Daar ben ik je ontzettend dankbaar voor. Ik denk niet 
dat je destijds realiseerde dat mijn verdere voortzetting als AIO afhing van jou keuze om mijn 
co-promotor te worden. Ben niet verbaasd als ik je in de toekomst nog met wat vragen over 
bacteriën uit diepzeezoutmeren lastig val. 
 
Bert en Len, allebei op een ander moment betrokken bij de dagelijkse begeleiding. Jullie 
praktische instelling op het gebied van onderzoek was voor mij als fundamenteel onderzoeker 
zeker wennen. Het heeft echter mijn horizon echter wel verbreedt. 
Maarten van Ree wil ik bedanken voor het beschikbaar stellen van zijn vleeskuikenbedrijf 
voor mijn promotie-onderzoek. Of we nu kuikentjes nodig hadden of we wilden de hele stal 
bemonsteren, we konden er altijd zonder moeite terecht. Eén van de bacteriën die uit jou 
kippen kwam ligt ondertussen voor ‘eeuwig’ opgeslagen in Duitsland en België. 
Kamergenoten die kwamen en gingen ook regelmatig tijdens mijn onderzoek. Als eerste 
waren daar Hans en Nicolette. Voor mij waren jullie leuke kamergenoten en een vraagbak 
naast je is altijd handig. Of ik ook een leuke kamergenoot voor jullie was blijft de vraag, 
aangezien jullie allebei voortijdig het schip verlieten. Prapansac, you are the only roommate 
who managed to outlive me in the room. Maybe it is because of the mutual football interest, 
although it remains a pity that your favorite team bought the goalkeeper of my favorite team. 
Many thanks for the good times and the great Thai food. I can’t wait till your back in Thailand 
(this because of my holiday planning). René, ook nog een korte tijd kamergenoot. Bij jou kon 
ik mooi afkijken hoe het afronden van het proefschrift in zijn werk ging. 
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Verder waren er natuurlijk ook nog de mensen die voor de labondersteuning en gezelligheid 
zorgde. Als eerste natuurlijk David, de kuikeneuthaniserende DGGE-er. Van jou inzet en 
enthousiasme heb ik alleen maar kunnen profiteren tijdens mijn promotie-onderzoek. Waarom 
nu toch die IT ingedoken. Een kuiken opensnijden is toch veel interessanter dan een computer 
openschroeven. Ten tweede Peter, die al die strontmonstertjes met ‘veel plezier’ op de HPLC 
zette, terwijl die monsters toch vaak het einde van de kolom inleidde. Mede-AIO Rick, voor 
het fantastisch meezeuren over de VVDO. Manon, Rob, Ali, Angele, Gertie, Ineke, Veronica 
en Sara voor de labondersteuning bij mijn ‘grote’ kuikenproef, Ramon voor het schoonmaken 
van al dat rare glaswerk waar ik mee aankwam. Alle andere collega’s voor de gezellige tijd en 
voor alle goede en minder goede tips. 
 
Vrienden waren uiteraard van levensbelang om me er op te wijzen dat al dat wetenschappelijk 
onderzoek helemaal niks voorstelt en geen enkel belang dient. Als eerste natuurlijk de club uit 
Nistelrode. Met enkele van jullie gaat de vriendschap al terug tot de kleuterschool en wat mij 
betreft is het einde nooit in zicht. Rob, bedankt voor het kaftontwerp, ben benieuwd wat de 
drukker er van gemaakt heeft. 
Mark, ik had erg graag geweten wat jou vakkundig commentaar zou zijn geweest op dit 
drukwerkje. Het is kloten dat het niet zo heeft mogen zijn. 
Als tweede de Groningen-club, alhoewel ondertussen het grootste gedeelte wel uitgewaaierd 
is over Nederland. Hopelijk dat jullie binnenkort de weg naar Groningen weer weten te 
vinden. Pim, ik vind het leuk dat je mijn paranimf wilt zijn en binnenkort weer naar de 
bioborrels? 
 
Dion en Arno als jullie kleine broertje kon ik altijd bij jullie het één en ander afkijken 
waardoor ik altijd wat makkelijker bepaalde keuzes kon maken. Verder zorgde jullie ervoor 
dat mijn ouders het meeste al een keer mee hadden gemaakt waardoor ik lekker veel vrijheid 
kreeg. Bedankt daarvoor. Bart, Milou, Coen, Julia en Dirk, jullie herinneren me eraan dat kind 
zijn geweldig is. 
 
Tenslotte, ons pap en ons mam. Zonder jullie steun en hulp al die jaren was dit boekje er nooit 
gekomen. Daarom is dit boekje ook zeker jullie verdienste. Vandaar dat ik mijn proefschrift 
opdraag aan jullie. 
 
 
 
 
 
  
        
 
Curriculum Vitae                                                                                                                  135 
 
Curriculum Vitae 
 
Paul van der Wielen werd geboren op 7 december 1970 in het Brabantse dorp 
Nistelrode. Hij doorliep hier de lagere school “De Beekgraaf”. Daarna rondde hij de 
H.A.V.O. en het V.W.O. af op het “Rivendell-college” te Uden. In september 1990 
begon hij de studie Biologie aan de Rijksuniversiteit van Groningen.  Het eerste 
afstudeeronderwerp tijdens deze studie werd gedaan bij de ‘zwavelclub’ van Hans van 
Gemerden welke behoorde tot de groep Microbiële Ecologie van de Rijksuniversiteit 
van Groningen. Het samen voorkomen van purperen en kleurloze zwavelbacteriën in 
een chemostaat onder zuurstoflimiterende condities werd hierbij bestudeerd. Voor het 
tweede afstudeeronderwerp vertrok hij voor een half jaar naar Trondheim, Noorwegen 
al waar bij de vakgroep Mariene Biologie onder leiding van Egil Sakshaug en Geir 
Johnsen gekeken is naar de aanmaak van protectieve fotopigmenten onder 
verschillende lichtcondities bij micro-algen. Hij voltooide de studie biologie in 
augustus 1996 en het doctoraal werd ‘cum laude’ behaald met als hoofdrichting 
Milieubiologie. Na eerst nog een paar maanden gewerkt te hebben aan het genotyperen 
van purperen zwavelbacteriën werd in januari 1997 begonnen met het promotie-
onderzoek aan de Universiteit van Utrecht. Het resultaat van dit onderzoek is 
verwoord in dit boekje. Sinds augustus 2001 is hij als postdoc werkzaam bij de groep 
Microbiële Ecologie aan de Rijksuniversiteit van Groningen. Aankomende tijd gaat hij 
zich daar bezig houden met het ophelderen van microbiële gemeenschappen in 
diepzeezoutmeren die voorkomen in de Middellandse Zee. 
